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MAGNETIC SENSOR HAVING FREE LAYER ADDITIONALLY PROVIDED WITH 
MAGNETIC ANISOTROPY BY SHAPE ANISOTROPY 

BACKGROUND OF THE INVENTION ^ 

1. Field of the Invention 

The present invention relates to magnetic sensors such 
as a spin- valve type thin film element mounted on hard disc 
devices or the like, and more particularly, relates to a 
magnetic sensor in which an exchange coupling region between 
a fixed magnetic layer, and an antif erromaghetic layer is 
specifically defined. 

2. Description of the Related Art 

In a related spin- valve type magnetic sensor, a free^ 
magnetic layer, a nonmagnetic material layer, a fixed 
magnetic layer, and an antiferromagnetic layer . are provided 
to form a multilayer structure, and the magnetization of the 
fixed magnetic . layer is fixed in a predetermined direction. 
In addition, a vertical bias magnetic field is appiied to 
each side of the free magnetic layer, and the direction of 
magnetization thereof is oriented so as to cross that of the 
fixed magnetic layer. In this type of magnetic sensor; a 
lower shield layer and an upper shield layer are provided at 
the top and the bottom of the multilayer structure with gap 
layers therebetween, and the distance between the lower 
shield layer and the upper shield layer determines the 
resolution of detecting an external magnetic field. 

However, heretofore, since the antiferromagnetic layer 
is provided over the entire fixed magnetic layer, the 



thickness of the multilayer structure is increased in the 
layered direction. Hence, the distance between the upper 
shield layer and. the lower shield layer is increased, and as 
a result, there is a limit to improve the resolution. 
5 Accordingly, in a magnetic sensor disclosed in Japanese 

Unexamined Patent Application "Publication No. 2000-163717, a 
thin part is formed at a central portion of an 

antif erromagnetic layer iii .a width direction. The thin part - 
described above is formed so as to decrease the distance 

10 between shield layers provided at the top and the bottom. 

Since the thin part is formed a!t the central portiori of 
the antif erromagnetic layer, the distance between the shield 
layers can be advantageously decreased. However, since being 
formed so as to fix the direction of magnetization of a fixed 

15 magnetic layer,, the thin part must have a certain level of 

thickness. Hence, a relatively large sense current cannot be 
prevented from being shunted; from an electrode layer to the 
thin part, and. as a result, a current loss occurs, thereby 
' decreasing reproduction output . 

20 In addition, in a magnetic sensor in which an 

antif erromagnetic layer is provided on a fixed magnetic layer, 
when a transient current flows from an electrode layer by 
electrostatic discharge (ESD) , heat is generated in, the 
element, and: the temperature thereof may be increased close 

25 to a blocking temperature of the antif erromagnetic layer in 
some cases. In this case, as disclosed in Japanese 
Unexamined Patent Application Publication No. 2000-163717, 
when a thin antif erromagnetic layer, which generates exchange 
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coupling, is present at the central portion' of the. fixed 
magnetic layer in the track width direction, the exchange 
coupling with the fixed magnetic layer at this thin part 
becomes unstable. 
5' In particular, when the fixed magnetic layer is formed 

of a single magnetic layers, the magnetization may not be 
tightly fixed in many cases. Even in a synthetic 
f errimagnetic structure in which the fixed magnetic layer has. 
a first and a second magnetic layer, which are magnetized in 

10 an antiparallel state by the RKKY coupling, when one of the 
magnetic layers is formed so as to be in contact with the 
antif erromagnetic layer, and the exchange coupling with the 
antif erromagnetic layer becomes unstable, the direction of 
magnetization of the magnetic layer in contact with the 

15 antif erromagnetic layer is reversed, and as a result, the 
fixed magnetization of the fixed magnetic layer becomes 
unstable* 

As described above /according to the magnetic sensor 
disclosed in Japanese Unexamined Patent Application 

20 Publication No. 2000-163717, since the antif erromagnetic 
layer in a magnetic sensing region is intentionally formed 
thin, a phenomenon in which the fixed magnetization of the 
fixed magnetic layer becomes unstable as described above 
cannot be avoided. 

25 In addition, a magnetic sensor disclosed in* Japanese 

Unexcimined Pateiit Application Publication No. 8-7235 has a 
buffer layer 62 formed of tantalum (Ta) as an underlayer and 
a pinned ferromagnetic layer 70 provided thereon. The pinned 



ferromagnetic layer 70 has a multilayer structure composed of 
a first cobalt (Co) film 72, a second cobalt (Co) film 74, 
and a ruthenium (Ru) film 73 provided therebetween. The 
magnetizations of the first, Co film 72 and the second Co film 
5 74 are fixed by individual anisotropic magnetic fields. The 
. first Co film 72 and the second Co film 74 are 

antif erromagnetically coupled with each other and are 
magnetized in the directions antiparallel to each other. 

According to this magnetic sensor, an antif err omagne tic 
10 layer for fixing the magnetization of the pinned 

ferromagnetic layer 70 is not provided, unlike that disclosed 
in Japanese Unexamined Patent Application Publication No. 
2000-163717. Hence, compared to the case of Japanese 
Unexamined Patent Application Publication No. 2000^163717, 
15 the shunt: loss can be decreased. 

However, in the structure in which Co films are provided 
on a buff er, layer composed tantalum, as described above in 
Japanese Unexamined Patent Application Publication No. 8-7i235, 
it was found that the direction of magnetization of the 
20 , pinned ferromagnetic layer 70 cannot be appropriately fixed. 
- This problem is also described in Japanese Unexamined Patent 
Application Publication No. 2000-113418. 

A magnetic sensor disclosed in Japanese Unexamined 
Patent Application Publication No. 2900-II34I8 solves the 
'25 problem which occurs in the magnetic sensor in Japanese 
^Unexamined Patent Application Publication No. 8-7235. In 
this magnetic sensor, the ferromagnetic layer of a laminated 
ferri-fixed layer is foinned of CoFe or CoFeNi, thereby 



improving the induced anisotropy. 

In Japanese Unexamined Patent Application Publication No. 
2000-113418, the structure in which an underlayer composed of 
Ta is provided under the laminated ferri- fixed layer is also 
5 disclosed; however according to the experimental results 
(Figs; 4 to 7 of Japanese Unexamined Patent Application 
Publication No. 2000-113418) obtained from two cases in which 
the Ta underlayer is provided and is not provided, when a 
CoFe alloy is used for the ferromagnetic layer , the qoercive 
10 force and the change in magnetoresistance are both increased 
when the Ta underlayer is not provided. 

According to the description in Japanese Unexamined 
Patent Application Publication No. 2000-113418, in order to 
increase the induced anisotropy of the laminated ferri-fixed 
15 layer, a CoFe alloy is used for the ferromagnetic layer, and 
the magnetostriction thereof is set to pofsitive. 

In order to fix the magnetization of a self -pinning type 
fixed magnetic layer, the most important factor is uniaxial 

^ anisotropy derived from magnetoelastic energy of the fixed 

*■ * ' ■ . . ' ' ' ' 

20 magnetic layer. In particular, the optimization of the 

magnetostriction' of the fixed magnetic layer is most . 

important. However, in Japanese Unexamined Patent 

Application Publication No. 2000-113418, the mechanism for 

optimizing the magnetostriction of the fixed magnetic layer 

25 is not. discussed, and a particular structure for optimizing 

the magnetostriction of the fixed magnetic layer is not 

described at all. 

As described above, in the past, the structure has not 
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been available in which the magnetization of the fixed 
magnetic layer can be tightly fixed, the reproduction output 
can be improved, a narrower gap can be achieved, and 
electrostatic damage can be appropriately suppressed. 
5 In. addition, in a relatied spin- valve type magnetic 

sensor, since a vertical biaa layer is provided for 
stabilizing the direction of magnetization of the free 
magnetic layer, the multilayer structure thereof is . 
complicated, and as a result, the manufacturing cost is 
10. increased. , , 

SUMMARY OF THE INVENTION 

Accordingly, the present invention was made to solve the 
problems described above, and an object of the present 

15 invention is to provide a magnetic sensor in which the 

thickness of a multilayer film provided in a region having a 
magnetic detection function is decreased, the shunt of a 
. sense current , is decreased, and .the magnetization of a fixed 
magnetic layer can be stabilized. 

20 A magnetic sensor in. accordance with one aspect of the 

present invention comprises: a free magnetic layer in which 
the direction of magnetization is changed in response to an 
external magnetic field; a fixed magnetic layer in which the 
direction of magnetization is fixed; a nonmagnetic material 

25 layer provided between the free magnetic layer and the fixed 
magnetic layer; and antif erromagnetic layers fixing the 
magnetization of .the fixed magnetic layer by exchange 
coupling. In the magnetic sensor described above, the 



lengths in a first direction of the free magnetic layer, the 
nonmagnetic material layer, and the fixed magnetic layer are 
formed larger than the respective widths thereof in a second 
direction orthogonal to the first direction; the direction of 
5 magnetization of the free magnetic layer is preferentially 

i 

oriented In the first direction by shape anisotropy; the 
fixed magnetic layer has a multilayer structure composed of a 
second magnetic layer in contact with the nonmagnetic 
material layer, an interlayer, and a first magnetic layer 

10 provided in that order; the antiferromagnetic layers are 

provided with an intermediate region having a predetermined 
length provided therebetween in the first direction so as to 
be in contact with the first magnetic layer; the direction of 
magnetization of the first magnetic layer is fixed by the 

15 exchange coupling in the direction crossing the first 

direction; and the direction of magnetization of the second 
magnetic layer is fixed antiparallel to that of the f^.rst 
magnetic layer, and electrical resistance is changed by the 
direction of magnetization of the free magnetic layer and 

20 that of the fixed magnetic layer at the intermediate region. 
According to the majgnetic sensor of the present . 
invention, at the intermediate region described above, the 
exchange coupling is not generated between the fixed magnetic 
layer and the antiferromagnetic layer, or even when generated, 

25 the exchange coupling is so weak that the magnetization of 

the fixed magnetic layer cannot be fixed by itself. However, 
when the fixed magnetic layer is formed so as to have a 
synthetic f errimagnetic structure including the first 



magnetic layer and the second magnetic layer, the 
magnetization of the fixed magnetic layer can be stabilized 
even at the intermediate region . 

As described above, at the above intermediate region, 
5 for excimple, the exchange coupling between the fixed magnetic 
layer and the antif erromagnetic layer is not generated, even 
when the intermediate region is heated to a high temperature 
by a transient current caused by electrostatic discharge 
(ESP), the exchange coupling between the antif erromagnetic 

10 layer and the fixed magnetic layer will not become unstable 
at all. - . 

In addition, the magnetic sensor described above may 
further complrise a nonmagnetic metal layer at the 
intermediate region. The nonmagnetic metal layer preferably 

15 has the same composition as that of the aiitif erromagnetic 

layer, is in contact with the first magnetic layer, and has a 
. small thickness as cpmpared to that of . the antif erromagnetic 
layer so as to form an irregular crystal layer which, does hot 
exhibit antif erromagnetic properties. 

20 In the case described above, since the nonmagnetic metal 

layer, which is provided at the intermediate region and has 
the same' composition as that of the antif erromagnetic layer, 
has a very small thickness so as to have an irregular crystal 
structure that cannot exhibit antif erromagnetic properties , 

25, the loss of the magne tores is tive effect caused by the shunt 
of sense current describejd above can be decreased. in 
addition, since the nonmagnetic metal layer at the 
intermediate region has no antif erromagnetic properties, the 



exchange coupling with the fixed magnietic layer is not 
substantially generated, arid as a result, the magnetization 
of the fixed magnetic layer will not become unstable at a 
high temperature, 
S In addition, according to the present invention, the 

crystal of the nonmagnetic metal layer and the fixed magnetic 
layer at the intermediate region are preferably placed in an 
epitaxial or a heteiroepitaxlal state, and the fixed magnetic 
layer preferably has an open end surface at a face opposing a 

10 recording medixim. 

It is preferable that the magnetization of part of the 
. fixed magnetic layer facing the nonmagnetic metal layer in 
the thickness direction be also fixed tightly by uniaxial 
aiiisotropy of the fixed magnetic layer itself. 

15 As factors determining the magnetic anisotropic magnetic 

field of a ferromagnetic layer , for example, there may be 
mentioned crystal magnetic anisotropy, induced magnetic 
aiiisotropy, and a magnetoelastic effect. . Among those / 
mentioned above, in a film having a polycrystalline structure 

20 in which crystal grains are randomly oriented, it is 
difficult to obtain uniaxial anisotropy by the crystal 
magnetic anisotropy. On' the other hand, when a magnetic 
field is applied to a film in one direction when it is formed 
or is processed by heat treatment, uniaxial anisotropy 

25 resulting from the induced magnetic anisotropy is obtained, 
and when a uniaxial stress is applied, due to the 
magnetoelastic effect, uniaxial anisotropy is obtained. 
Of the induced magnetic anisotropy and the 



magnetoelastic effect, which determines the uniaxial 
anisotropy fixing the magnetization of the fixed magnetic 
layer at the intermediate region, the magnetoelastic effect 
is primarily used in the present invention. 
5 The magnetoelastic effect is generated by magnetoelastic 

energy. The magnetoelastic energy is defined by a istress 
applied to the fixed magnetic layer and the magnetostriction 
constant at the central portion thereof. 

In the present invention, since the end surface of the 

10 fixed magnetic layer at the face opposing a recording medium 
is an open end surface, the symmetry of stresses generated, 
for example, by gap layers which originally have two- 
dimensional isotropY, is no longer maintained, and as a. 
result, a tensile stress is applied to the fixed magnetic 

15 layer in the height direction. In addition, since the first 
magnetic layer is formed of a magnetic material having a 
positive magnetostriction constant, by the magnetoelastic 
effect, the easy axis of magnetization of the first magnetic 
layer becomes parallel to the direction (height direction) 

20 toward the rear side, and the direction of magnetization of 
the first magnetic layer is fixed parallel or antiparallel to 
the height direction. 

In the present invention, the magnetoelastic energy is 
increased by increasing the magnetostriction constant of the 

25 fixed magnetic layer at the intermediate region, and in 

accordance with this increase, the uniaxial anisotropy of the 
fixed magnetic layer at the intermediate region is enhanced. 
When the uniaxial anisotropy of the fixed magnetic layer at 



the intermediate region is enhanced, since the magnetization 
of the fixed magnetic layer at the intermediate region is 
likely to be tightly fixed in a predetermined direction, the 
output of the magnetic sensor is increased, and the stability 
5 and the symmetry of the output are also improved. 

The entire nonmagnetic metal layer described above or a 
part thereof in the vicinity of the interface with the first 
magnetic layer of the fixed magnetic layer may have a f ace- 
centered cubic (fee) structure, and it is preferable that 
10 equivalent crystal planes represented by a {111} plane are 
preferentially oriented in the direction parallel to the 
interface. 

in order to, obtain the structure described above, for 
example, the. nonmagnetic metal- layer is preferably formed of 

15 a PtMn alloy or an X-Mn alloy (where X is at least one of 
platinum (Pt), palladium (Pd), iridium (Ir), rhodium (Rh), 
ruthenium ( Ru ) , osmium ( Os ) , nickel ( Ni ) , and iron ( Fe ) ) . 

The ciystal structure of the nonmagnetic metal layer 
formed of a PtMn alloy or an M-Mn alloy (wh^re X is at least 

20 one of Pt, Pd, Ir, Rh, Ru, Os, Ni, and Fe) maintains a face-, 
centered cubic (fee) structure which is f ormed ' in f ilm 
formation. 

When the nonmagnetic metal layer described above is 
brought into contact with the first magnetic layer at the 
25 intermediate region, a strain is, generated in the crystal 
structure of the first magnetic layer at the intermediate 
region, and hence the magnetostriction constant of the first 
magnetic layer at the intermediate region can be increased ^ 



In this case/ the thickness of the nonmagnetic metal 
layer is preferably in the range of from 5 to 50 A. 

In addition, the entire first magnetic layer of the 
fixed magnetic layer or a part thereof at least at the 
5 intermediate region in the vicinity of the interface with the 
nonmagnetic metal, layer may have a face-centered cubic (fee) 
structure, and it is preferable that equivalent crystal 
planes represented by a {111} plane be preferentially • . 
oriented in the direction parallel to the interface. 

10 As described above, in the nonmagnetic metal layer of 

the present invention, for example, an fee structure is 
formed, and equivalent crystal planes represented by a {111} 
plane are preferentially oriented in the direction parallel 
to the interface . . / , 

15 Accordingly, when the first magnetic layer at least at 

the intermediate region has an fee structure in which 
* equivalent crystal planes represented, by a {111} plane, are 
preferentially oriented in the* .direction parallel^ to the 
interface described above, atoms forming the first magnetic 

20 layer and atoms forming the nonmagnetic metal layer are 
likely to be aligned, with each other at the intermediate 
region. ' 

However, since a certain difference is generated between 
the nearest interatomic distance of the {lli} plane of the 

25 first magnetic layer at the intermediate' region and the 
nearest interatomic distance of the {111} plane of the, 
nonmagnetic metal layer, while the atoms forming the first 
magnetic layer and the atoms forming the .nonmagnetic metal 
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layer are being aligned with each other in the vicinity of 
the interface therebetween, a strain is generated in each 
crystal structure. That is, by generating the strain in the 
crystal structure of the first magnetic layer at the 
5 intermediate region, the magnetostriction constant can be 
increased. 

For example, when the first magnetic layer of the fixed 
magnetic layer is formed of Co or COxFey (where y^20 and 
x+y=100 are satisfied) , the first magnetic layer at the 

10 intermediate region has an fee structure, and equivalent 
crystal planes represented by a {111} plane are preferably 
oriented in the direction parallel to the interface described 
above. ' . ' 

Alternatively, the entire first magnetic layer of the 

15 fixed magnetic layer or a part thereof at least at the 

intermediate region in the vicinity of . the interface with the 
nonmagnetic metal layer may have a body-centered cubic (bcc) 
structure, and it is preferable that equivalent planes 
represented by a {110} plane be preferentially oriented, in 

20 the direction parallel to the interface. > ^ 

Even when the first magnetic layer at the intermediate 
region has a bcc structure, and the equivalent planes 
represented by a {110} plane are preferentially oriented in 
the direction parallel to the interface , the atoms forming 

25 the first magnetic layer and the atoms forming the ' ' 

nonmagnetic metal layer at the intermediate y^egion are likely 
to be aligned with each other. 

In this case, since a certain difference is also 
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generated between the nearest interatomic distance of the 
{110} plane of the first magnetic layer at the intermediate 
region and the nearest interatomic distance of the {111} 
plane of the nonmagnetic metal layer, while the atoms forming 
5 the first magnetic layer arid the atoms forming the 

nonmagnetic metal layer are being aligned with each other in 
the vicinity of the interface therebetween, a strain is 
generated in each crystal structure . That is, by generating 
the strain in the crystal structure of the first magnetic 

10 layer at the intermediate region, the. magnetostriction 
constant can be increased* 

For example, when formed of Co^Fey (where y^ 20 and 
x+y=100 are satisfied), the first magnetic layer of the fixed 
magnetic layer at the intermediate region has a bcc structure > 

15 and equivalent planes represented by a {110} plane are 
preferentially oriented in the direction parallel to the 
interface. In addition, since Co^Fey (where ya20 and x+y=100 
are satisfied) forming a bcc structure has a large 
magnetbstriction constant particularly when y is 

20 approximately 50 as compared to that of Co or Cp^Fey (where 
y^20 and x+y=100 are ' satisfied) forming an fee structure, a 
larger magnetoelastic effect can be obtained. Furthermore, . 
COxFey (where y^20 and x+y=100 are satisfied) forming a bcc 
structure has a large coercive force, and hence the 

25 magnetization of the fixed magnetic layer at the intermediate, 
region can be tightly fixed. 

According to the present invention, it is preferable 
that the first magnetic layer of the fixed magnetic layer at 
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least at the intermediate region have a f ace^centered cubic 
(fee) structure in the vicinity of the interface with the 
nonmagnetic metal layer, in which equivalent plants 
represented by a {111} plane are preferentially oriented in 
5 the directipn parallel to the interface described above, and 
have' a body- centered cubic (bcc) structure in the vicinity of 
the interface with the interlayer, in which equivalent planes 
represented by a {110} plane are preferentially oriented in 
the direction parallel to the interface described above. 

10 When the first magnetic layer in the vicinity of the 

interf ace/with the ihterlayer is formed to have a bcc 
structure, the magnetostriction constant can be increased, 
and as a result, a large magnetoelastic effect can be 
' obtained. On the other hand, when the first magnetic layer 

15 in the vicinity of the interf ace with the nonmagnetic metal 
layer is formed to have an fee structure, the crystal 
orientations of the fixed magnetic layer, nonmagnetic metal 
layer, and the free magnetic layer are uniform. at the 
intermediate region , and as a result, the rate (MR ratio) of 

20 change in resistance can be increased. , 

.For example, when the first magnetic layeir of the fixed 
magnetic layer has a composition of Co^Fey (where y^ 20 and ' 
x+y=100 are satisfied) or Co in the vicinity of the interface 
with the nonmagnetic metal layer and has a composition of 

25 Co^Fey (where ya20 and x+y=100 are satisfied) in the vicinity 
of the interface with the interlayer, an fee istructure can be 
formed in the vicinity of the interface with the nonmagnetic 
metal layer, in which equivalent planes represented by a 



{111} plane are preferentially oriented in the direction 
parallel to the interface, and a bcc structure can be formed 
in the vicinity of the interface with the interlayer, in 
which equivalent planes represented by a {110} pla.ne are 
5 preferentially oriented in the direction parallel to the 
„ interface^ 

In addition, when the first magnetic layer of the fixed 
magnetic layer has a composition of COxFey (where ya:20 and 
x+y=iOO are satisfied) in the vicinity of the interface with 

10 the interlayer, it is preferable since the RKKY interaction 
between the f irist magnetic layer and the other magnetic layer 
with. the interlayer provided therebetween is enhanced. 

In the first magnetic layer of the fixed magnetic layer, 
the Fe concentration may be gradually increased from the 

15 interface with the nonmagnetic metal layer to that with the 
interlayer. 

, According to the. present invention, ±n order to generate 
a strain in the crystal structure while the atoms foirming the 
nonmagnetic metal layer and the atoms forming the first 

20 magnetic layer at the intermediate region are being aligned 
with each other, a value obtained when the difference in 
nearest interatomic distance of' the nonmagnetic metal layer ^ 
in an in-plane direction parallel to the interface and that 
of the first magnetic layer of the fixed magnetic layer at 

25 least at the intermediate region is divided by the nearest 
interatomic distance of the first magnetic layer is • 
preferably in the range of from 0.05 to 0.20. 

In addition, the first magnetic layer is preferably 



formed. of a magnetic material having a positive 
magnetostriction constant « 

A magnetic sensor in accordance with another aspect of 
the present invention comprises: a free magnetic layer; and 
5 two laminate provided at two sides of the free magnetic layer, 
the Icuninates each having a nonmagnetic material layer, a 
fixed magnetic layer in which the magnetization is fixed in a 
direction crossing the first direction described above, and 
an antif erromagnetic layer which fixes, the direction of ' 
10 magnetization of the fixed magnetic layer. In the magnetic 
sensor described above, in each of the laminates, the 
nonmagnetic material layer, the fixed magnetic layer, and the 
antif erromagnetic layer are provided in that order from the 
free itiagnetic layer side, and the free magnetic layer and at 
15 least one of the Iciminates form one of the structures 

described above which can be applied to a dual spih-valye 
' type element . » 

According to the present invention, vertical bias means 
may not be provided for orienting the magnetization of the 
20 free magnetic layer in the first direction. ^ 
When a vertical bias layer is hot provided, the. 
structure of the entire element can be simplified, and in 
addition,. an element having a smaller thickness can also be 
realized. 

'•25 

BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 is a partial cross -sectional view of the 
structure of a magnetic sensor according to a first 
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embodiment of the present invention, the structure being 
viewed from a face opposing a recording medium; 

Fig. 2 is a partial cross -sectional view of the 
structure of a magnetic sensor according to a second 
5 embodiment of the present invention, the structure being 
viewed from a face opposing a recording medium; 

Fig. 3 is a partial cross -sectional view of the . 
structure of a magnetic sensor according to a third 
embodiment of the presient invention, the structure being 
10 viewed from a face opposing a recording medium; 

Fig. 4 is a partial cross -sectional view of the 
structure of a magnetic sensor according to a fourth 
. embodiment of the present invention, the structure being 
Viewed from a face opposing a recording mediiim; 
15 ^ Fig. 5 is a partial cross -sectional view of the 

structure of a magnetic sensor according to a fifth 
embodiment . of the present inViantion, the structure being 
viewed from a face opposing a recording medium; 

Fig. 6 is a partial cross -sectional view of the 
20 structure of, a magnetic sensor according to a sixth 

, embodiment of the present invention, the structure being 
' viewed from a face opposing a recording medium; 

Fig. 7 .is a partial cross -sectional view of the 
structure of a magnetic sensor according to a seventh 
25 embodiment of the present invention, the structure being 
viewed from a face opposing a recording medium; 

Fig. 8 is a partial cross -sectional view of the 
structure of a magnetic sensor according to an eighth 



embodiment of the present invention, the structure being 
viewed from a face opposing a recording medium; 

Fig. 9 is a partial crdss- sectional view of the 
structure of a magnetic sensor according to a ninth 
5 embodiment of the present invention, the structure being 
viewed from a face opposing a recording medium; 

Fig. 10 is a partial plan view of the magnetic sensor 
shown in Fig. 7; • - 

Fig. 11 is a schematic view showing the state in which a 
10 strain is generated while atoms of - a nonmagnetic metal layer 
and atoms of a central portion of a first magnetic layer of a 
fixed magnetic layer are being aligned with each other; 

Fig. 12 is a schematic view showing the state in which 
. atoms of a nonmagnetic metal layer and atoms of a ceiitiral 
15 portion of a first magnetic layer of a fixed magnetic layer 
are aligned with each other; 

Fig. 13 is a schematic view showing the state in which 
atoms of a nonmagnetic metal layer and atoms, of a central 
portion of a first magnetic layer of a fixed magnetic layer 
20 are not aligned with each pther; 

Fig. 14 is a partial cross -sectional view showing the 
vicinity of a central portion of a fixed magnetic layer of a 
magnetic sensor according to the present invention; 

Fig. 15 is a partial cross -sectional view showing the 
25 vicinity of a central portion of a fixed magnetic layer of a 
magnetic sensor according to the present invention; 

Fig. 16 is a partial cross -sectional view showing the 
vicinity of a central portion of a fixed magnetic layer of a 
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magnetic sensor according to the\ present invention; 

Fig. 17 is a schematic view showing the structure of a 
magnetic sensor practically used for an experiment according 
to an example; 

5 Fig. 18 Is a graph showing the relationship between a 

track 'width RTw and a unidirectional exchange bias magnetic 
field Hex*, which is obtained by using the magnetic sensor 
shown in Fig., 17; 

Fig. 19 is . a graph showing the relationship between the 
10 track width RTw and a normalized output, which is obtained by 
using the magnetic sensor shown In Fig. 17; 

Fig. 20 Is a schematic view showing the structure of a 
magnetic sensor practically used for an experiment iaccording 
to a comparative example; 
15 Fig. 21 is a graph showing the relationship between the 

track width RTw and the unidirectional exchange bias magnetic 
field Hex*, which is, obtained by uising the magnetic sensor 
shown in Fig. 2.0; 

Fig. 22 is a graph showing the relationship between the 
20. track width RTw and the normalized output, which is obtained 
by using the magnetic sensor shown in, Fig. . 20; 

Fig. 23 is a graph showing the relationiship between an 
applied magnetic field and an output, which is obtained by 
using the magnetic sensor shown in Fig. 17; 
25 Fig. 24 is a graph showing the change in , 

magnetostriction of CoFe in the case in which a CoFe layer is 
provided on a PtMn layer and the composition ratio of the 
PtMn layer is changed; 



Fig. 25 is a graph showing the changes in 
magnetostriction constant of CoFe and Co in the case in which 
a CoFe layer is provided on a PtMn ^ layer and a Co layer is 
provided on a PtMn layer; and 
5 Fig. 26 is a graph showing the changes in 

magnetostriction constant' of CoFe and Co in the cases in 
which a PtMn layer is provided on a CoFe layer and a PtMn 
layer is provided on a Co layer. 

10 DESCRIPTION OF THE PREFERRED EMBODIMENTS 

■ .- * * - * 

Fig. 1 is a partial cross -sectional view showing the 

structure of a magnetic sensor (spin- valve type thin film 

magnetic element) accor^ding to a first embodiment of the 

present invention, the structure being viewed from a face 
15 opposing a recording medium. in a magnetic sensor 10 ishown 

in Fig. 1, a free magnetic layer 14 is formed at the lower 

side of antif erromagnetic layers 20. 

In' the magnetic sensor 10, on the upper surface of a 

lower shield layer (substrate) 11 made of a magnetic material 
20 such as a NiFe alloy or sendust, a lower gap layer 12 is 

formed from an insulating material such as AI2O3, and on the 

lower gap layer 12, a seed layer 13 is formed from a NiFeCr 

alloy or Cr. - * / 

On the seed layer 13, the free magnetic layer 14 is 
25 formed. The free magnetic layer 14 is formed of a magnetic 

material such as a NiFe alloy or a CoFe alloy. 

The free magnetic layer 14 is placed in a single domain 

state in the track width direction so that the magnetization 



thereof is likely to rotate by an external magnetic field 
coming along a Y direction in the figure. 

On the free magnetic layer 14, a nonmagnetic material 
layer 15 is formed. The nonmagnetic material layer 15 
5 prevents magnetic coupling between a fixed magnetic layer 16 
* and the free magnetic layer lA, allows a .sense current to 
flow primarily therethrough, and iis preferably foirmed of a 
nonmagnetic material having conductivity, such as copper (Cu) 
chromium (Cr), gold (Au) , or silver (Ag) . Iii particular, Cu 
lb is. preferably used. 

On the nonmagnetic material layer 15, the fixed magnetic 
layer 16 is formed. In the embodiment shown in Fig. 1, the 
fixed magnetic layer 16 has a synthetic f errimagnetic 
structure. The fixed magnetic layer 16 has a three-layered 
15 structure composed. of a first magnetic layer 17 in contact 

with the antif erromagnetic layers 20, a second magnetic layer 
18 facing the first magnetic layer 17 in the thickness 
direction (Z direction in the figure), and an interlayer 19 
imposed between the first magnetic layer 17 and the second 
20 magnetic layer 18. 

The first and the second magnetic layers 17 and 18 are 
each formed of a magnetic material such as a NiFe alloy, Co, 
a CoNiFe alloy, a CpFe alloy, or a CoNi alloy. For example, 
the first magnetic layer 17 and the second magnetic layer 18' 
25 are formed of the same material. In addition, each of the 

magnetic layers 17 and 18' may have a single -layered structure 
or a multilayer structure. 

In addition, the interlayer 19 is formed of ^ 
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nonmagnetic material selected from the group consisting of Ru, 
Rh, Ir, Cr, rhenium (Re), Cu, and an alloy thereof. In 
particular, Ru is preferably used. 

The length of each of the free magnetic layer 14, the 
5 nonmagnetic material layer 15, and the fixed magnetic layer 
16 in a first longitudinal direction (X direction in the 
figure, referred to as "track width direction" in some cases) 
is formed larger than the width thereof in a second directipn, 
that is, in a height direction (Y directipn in the figure), 
10 the second direction being perpendicular to the first 
direction and along the' plane parallel to the X-Y plane 
(direction along the film surface),. Accordingly, the free 
magnetic layer 14 has shape anisotropy, and as a result, the ^ 
magnetization inside the free magnetic layer 14 is 
15 preferentially oriented in the track width direction. The • 
"shape anisotropy" in the present invention means that the 
magnetization of the free magnetic layer 14 having ^ 
predetermined length is oriented in the longitudinal 
direction described. above . For forming the free magnetic 
20 layer 14 so as to have the shape anisotropy, the length of 
the free magiietic layer ^14 between the two end portions 
thereof in the track width direction is preferably 1 pm or 
more. In addition, for easily orienting the magnetization of 
the free magnetic layer 14 more appropriately in the first 
25 direction describedi above, induced magnetic anisotropy is 
also preferably imparted thereto in addition to the shajpe 
anisotropy described above, and hence the free magnetic layer 
14 is preferably^ formed in a magnetic field. 
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In addition, when an element, such as Pt, carbon (C) , 
boron (B), and a rare earth element, which can change the 
free magnetic layer 14 into a hard magnetic layer, is ion- 
planted only into the side portions of the free magnetic 
5 layer 14 in the track width direction, the two side portions 
of the free magnetic layer 14 become hard magnetic layers. 
(The "two side portions" in the present invention indicate 
two side regions located on two sides of an intermediate- 
region 20c in the track width direction as shown in Fig. 1, 
10 aiid hereinafter the two side portions indicate the same 
regions as described above.) By magnetizing this hard 
magnetic layer described above, the magnetization of the. free 
magnetic layer 14 may be stabilized ^ 

In the magnetic sensor 10 described aboye, the . . 
15 . antif erromagnetic layers 20 are separately formed on two si^e. 
portions 17a of the first magnetic layer 17 in the first 
direction with the intermediate region 20c provided, 
therebetween. The antiferromagnetic layer 20 is not formed 
on a central portion 17b of the first magnetic layer 17. The 
20 antiferromagnetic layer 20 is preferably formed of a PtMn 
alloy, an X^Mn alloy (where X is at least one selected, from 
the group consisting of Pd, Ir, Rh, Ru, Os. Ni. and Fe) , or .a 
Pt-Mii-X' alloy (where X' is at least one iselected from the 
group consisting of Pd, Ir. Rh. Ru, Au, Ag, Os, Cr, Ni, argon 
25 (Ar), neon (Ne) . xenon (Xe), and krypton (Kr)) and, in 

addition, an antiferromagnetic material having a blocking 
temperature lower than that of a PtMn alloy may also be used. 
The thickness of this antiferromagnetic layer 20 is, for 
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example, approximately 80 to 300 A. 

In order to generate an exchange coupling magnetic field 
between the antif erromagnetic layers 20 and the first 
magnetic layer 17, the antif erromagnetic layers 20 are heat- . 
5 treated in^ a magnetic field. Before the heat treatment, the 
antif erromagnetic layers 20 each have an irregular crystal 
structure; however,, after the heat treatment, at least part 
of each antif erromagnetic layer 20 has a regular crystal 
structure. For excunple, as for an X-Mn alloy, the 
.10 arrangement of X atoms and Mn atoms forms an irregular face- 
centered cubic structure before the hea,t treatment; however, 
after the heat treatment, in at least part of the 
antif erromagnetic layer 20, the X atoms and the Mn atoms are 
arranged regularly to. form an LIO type (CuAuI type), face - 
15 centered cubic crystal structure. 

When heat treatment in a magnetic field is performed for 
the antif efrromagnetic layers 20, at least part of the 
irregular lattice structure is transformed into the. regular 
lattice structure as described above, exchange coupling 
20 magnetic fields are generated between the aiitif erromagnetic 
layers 20 and the respective : two side portions 17a of the 
. first magnetic layer 17, and as a result, the magnetization 
of the first magnetic layer 17 is fixed in the second 
direction (Y direction in the figure). In the embodiment 
25 shown in Fig.* 1, since the fixed magnetic layer 16 has a 
synthetic f errimagnetic structure composed of the two 
magnetic layers 17 and 18 and the interlayer 19 provided 
therebetween, an antiparallel coupling magnetic field by the 

r 
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RKKY interaction between the first magnetic layer 17 and the 
second magnetic layer 18 is generated, and as a result, the 
magnetizations of two side portions 18a of the second 
magnetic layer 18 are each fixed in the direction opposite to 
5 the Y direction in the figure. In addition, between the 

^ central portion 17b of the first magnetic layer 17 and a 

central portion 18b of the second magnetic layer 18, an 
' antiparallel coupling magnetic field is also generated by the 
RKKY interaction, and the magnetizations of the central 

10 portions i7b and 18b of. the first and the second magnetic 

layers 17 and 18, respectively, are fixed in an antiparallel 
state as are the magnetization directions of the two side 
portions 17a and 18a. 

On each of. the antif erromagnetic layers 20, a stop layer 

15 21 is formed from Cr or the like, and on the stop layer 21, a 
protection layer 22 is formed from Ta or the like.. On the 
protection layer 22, an electrode layer 23 is formed from a 
nonmagnetic conductive material such as Au, Pd> Cr, Rh, Ru, 
Ta, and tungsten (W) , and on the electrode layer 23 described 

20 abpve, a protection layer 24 is further formed frpm Ta or the 
like. 

Over the protection iayers 24 and the first magnetic 
layer 17 of the fixed magnetic layer 16, which is exposed at 
the intermediate region 20c formed . between the 
25 antif erromagnetic layers 20, an upper gap layer 25 of an 

insulating material is formed, and an upper shield layer 26 
of a magnetic material is formed over the upper gap layer 25. 
In the embodiment shown in Fig. 1, the distance between 



one side end 20b of a contact face 20a between one 
antif erromagnetic layer 20 and the first magnetic layer 17 
and the other end side 20b of a contact face 20a between the 
other antif erromagnetic layer 20 and the first magnetic layer 
5 17, that is, a distance C between the two antif erromagnetic 
layers 20 disposed in the X direction in the figure, is a 
practical region for sensing an external magnetic field. The 
width dimension of this sensing region in the first direction 
is called a track width (Tw) 

10 * Characteristic portions of the striacture of the magnetic 

sensor shown in Fig. 1 will be described. In the embodiment 
shown in Fig. 1, the fixed magnetic layer 16 has a three- 
layered structure composed of the first magnetic layer 17, 
the second magnetic layer 18; and the interlayer 19 provided 

15. therebetween. Since, the antiparallel coupling magnetic field* 
is generated between the first magnetic layer 17 and the 
second, magnetic layer 18 by the RKKY interaction, the 
magnetizations of the two magnetic layers 17 and 18 are 
placed, iii an antiparallel state. ^ 

20 The antif erromagnetic layers 20 are separately provided 

on the two side portions 17a of the first magnetic layer 17 
witli the intermediate region 20c provided therebetween and 
are not provided on the central portion 17b of the first 
magnetic layer 17. Hence, the exchange coupling magnetic 

25 fields aire generated only between the antif erromagnetic 
layers 20 and the respective two side portions 17a of the 
first magnetic layer 17 and are not generated between the 
ant if erromagnetic layers 20 and the central portion 17b of 



the first magnetic layer 17. Accordingly, while the 
magnetizations of the two side portions 17a of the first 
. magnetic layer 17 and those of the respective two side 
portions 18a of thte second magnetic layer 18 are maintained 
5 in an antiparallel state by the exchange coupling magnetic 
fields, the RKKY interaction, and the like, they are fixed in 
the direction parallel to the second direction (Y direction 
in the figure) . 

In addition, it is confirmed by experiments described 

10 later that while the magnetizations of the first, magnetic . 
layer 17 and the second magnetic layer 18 of the fixed 
magnetic layer 16 at the central portions 17b and 18b are 
maintained in an antiparallel state by a bias magnetic field 
generated by an exchange ihtera;ction between individual 

15 magnetic layers and the RKKY interaction described above, 
they are fixed in the direction parallel to the second 
direction. Accordingly, in the embodiment shown in Fig. 1, 
the magnetization of the fixed magnetic layer 16 can be 
appropriately fixed.* 

20 That is, since the antif erromagnetic layers 20 formed on 

the fixed magnetic layer 16 are separately provided on the 
two side portions thereof in the first direction with the 
intermediate region 20c provided therebetween, the exchange 
coupling magnetic fields are generated only at the two side 

25 portion described above; however, the fixed magnetic layer 16 
has a synthetic f errimagnetic structure as shown in Fig. 1, 
the magnetization of the entire fixed magnetic layer 16 can 
be appropriately fixed in the second direction. 
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In addition, since the antif erromagnetic layer 20 is not 
provided on the central portion ITb of the first magnetic 
layer 11, a sense current from the electrode layer 23 flowing 
' primarily through the nonmagnetic material layer 15 is 
5 unlikely to be shunted to the antif erromagnetic layer 20, and 
hence the shunt loss can be decreased, thereby improving the 
reproduction output. 

In addition, since the antif erromagnetic layer 20 is not 
provided on the central portion 17b of the first magnetic 
10 layer 17, the distance between the lower shield layer 11 and 
the upper shield layer 26 is decreased at an element central 
portion in the thickness direction (Z direction in the , 
figure), and hence so-called narrower gap can be realized. 
Since the central portion 14b of the free magnetic layer 14 
15 is a region having reproduction sensitivity, when the gap 
length at the element central portion can be decreased, 
increase in pulse width (PW50) of a reproduction waveform and 
decrease in resolution can be appropriately prevented, a 
magnetic sensor which can appropriately meet the trend toward 
20 higher recording density can be manufactured. 

Furthermore, since the antif erromagnetic layer 20 is not 
provided on the central portion 17b of the first magnetic 
layer 17, magnetic electrostatic discharge (ESD) becomes 
unlikely to occur at the element central portion of the fixed 
25 magnetic layer i6. 

In a magnetic sensor having an antif erromagnetic layer 
provided on a fixed magnetic layer, when a transient current 
^ flows from an electrode layer by electrostatic discharge 
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(ESD), heat may be generated in the element in some cases so 
that the temperature is increased to that close to a blocking 
temperature of the antif erromagnetic layer. In the case 
described above ,^ when the antif erromagnetic layer generating 
5 exchange coupling is present at the central portion of the 
fixed magnetic layer in the first direction, since the 
exchange coupling with the fixed magnetic layer at which this 
antif erromagnetic layer is present becomes unstable, the 
direction of magnetization of the fixed magnetic layer will 

10 be moved, and as a result, magnetic electrostatic damage is 
liable to occur. 

In particular, when the fixed magnetic layer is a single 
layer, the magnetization thereof is liable to be moved. 
However, even in the fixed magnetic layer having a synthetic 

15 f errimagnetic structure in which a first magnetic layer and a 
second magnetic layer are magnetized in an antiparallel state 
by the RKKY coupling, when the first magnetic layer is formed 
in contact with an antif erromagnetic layer, the temperature, 
of the antif errpmaignetic layer is increased to a blocking 

20 temperature or. more, and as a result, the exchange coupling 
between the ant if erromagnetic layer and the first magnetic 
layer becomes unstable. When a magnetic field is generated 
by a current in the case described above, the direction of 
magnetization of the first magnetic layer- in contact with the 

25 antif erromagnetic layer is rotated, and hence magnetic 
electrostatic damage may occur in some cases • . 

On the other hand, as is the case of the present 
invention, when an antif erromagnetic layer generating 



exchange coupling is not present on the central portion 17b 
of the first magnetic layer 17 of the fixed magnetic layer 16 
in the first direction, the magnetization inversion in the 
first magnetic layer 17 will not occur, (even when the 
5 magnetization inversion occurs, since the direction of the 
exchange coupling at ^ach of the two side portions 17a of the 
first magnetic layer 17 will not be changed, when the flow of 
a transient current is stopped, the direction of 
magnetization of the first magnetic layer 17 returns to the 

10 original direction), and the magnetization of the fixed 
magnetic layer 16 can be stably fixed, so that resistance 
against magnetic electrostatic damage can be enhanced. 

As described above, according to the structure of the 
magnetic sensor 10 shown in Fig. 1, since the magnetization 

15 of the fixed magnetic layer 16 can be appropriately fixed in 
the second direction, and the improvement in reproduction 
output > the trend toward narrower gap, and the suppriession of 
electrostatic damage can be realized, a magnetic sensor can 
be provided which is capable of appropriately satisfying the 

20 trend toward the higher recording density. 

In addition, in the magnetic sensor 10 described above, 
the free magnetic layer' 14 has the shape anisotropy, and the 
magnetization of the, free magnetic layer 14 is oriented in ' 
the track width direction. Accordingly, it is not necessary 

25 to provide means for orienting the magnetization of the free 
magnetic layer 14 in the track width direction, such as a 
permanent magnetic layer provided at the side of the free 
magnetic layer 14, and hence the structure and the 
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manufacturing method thereof can be simplified. 

As the magnetic sensor 10 shown in Fig. 1, the 
multilayer structure is described by way of example in which 
the free magnetic layer 14, the nonmagnetic material layer 15^ 
5 the fixed magnetic layer 16, and the antif erromagnetic layers . 
20 are provided in that order from the bottom. However,,- the^ 
preisent invention is not limited thereto, and for example,- a 
multilayer structure may be used in which antif erromagnetic 
layers, a fixed magnetic layer, a nonmagnetic material layer, 
10 and a free magnetic layer are provided in that order from the. 
bottom. ' 

Fig. 2 is a partial cross-sectional view showing the 
structure of a magnetic sensor (spin-valve, type thin film 
magnetic element ) according to a second embodiment of the 
15 present invention, the structure being viewed from the face 
. opposing a recording medium. A magnetic sensor . 110 shown in 
' Fig. 2 is a sensor in which first antif erromagnetic layers 20 
are provided above the free magnetic layer 14, and second 
antif erromagnetic layers 130 are provided under the free 
.20 magnetic layer 14. * 

The saime reference numerals of the constituent elements 
in Fig. 1 designate the same elements in the magnetic sensor 
110 shown in Fig. 2, and description thereof will be omitted. 
In the magnetic sensor 110/ between the free magnetic 
25 layer 14 and a lower shield layer 111^ the second 

antif erromagnetic layers 130, a siecond fixed magnetic layer 
116, and a second nonmagnetic material layer 115 are further 
formed in that order from the bottom. 
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The lower shield layer . Ill is f birmed of a magnetic 
material such as a NiFe alloy or sendust. A protruding 
portion 111a protruding in the thickness direction (Z 
direction in the figure) is provided for the lower shield 
5 layer 111 at a central portion in the track width direction, 
and at tt^e two sides of the protruding portion 111a in the 
track width direction, recesses 111b are provided. 

As shown in Fig,. 2, on the upper surface of the 
protruding portion 111a of the lower shield layer 111, a 

10 lower gap layer 140 composed of an insulating material such 
as AI2O3 is formed, and the lower gap layer 140 is also 
formed over the two side surfaces lllal of the protruding 
portion Ilia in the track width direction to the upper 
suz:faces lllbi of the recesses 111b. , 

15 As shown in Fig. 2, on the lower gap layer 140 provided 

over the recesses 111b of the lower shield layer 111 to the 
protruding portion 111a thisreof, a seed layer 141 composed of 
a NiFe alloy, a NiFeCr alloy, or Cr is formed. 

On the seed layer 141, the second antif erromagnetic 

20 layers 130 are formed. The second antif erromagnetic layers 
130 are formed so as to be primarily filled in the recess 
111b of the lower shield layer 111. The second 
antif erromagnetic layers 130* each have the structure 
equivalent to that of the antif erromagnetic layer 20" 

25 described above and is formed, for example, of an . 
antif erromagnetic material such as a PtMn alloy. 

On the second antif erromagnetic layers 130, the second 
fixed magnetic layer 116 is formed. The second fixed 
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magnetic layer 116 has a synthetic f errimagnetic structure as 
is the -fixed magnetic layer 16. The fixed magnetic layer 116 
has a three- layered structure composed of a first magnetic 
layer 117 in contact with the second antif erromagnetic layers 
5 130, a second magnetic layer 118 facing the first magnetic 
layer 117 in the thickness direction (Z direction in the' 
figure) > and an interlayer 119 provided between the first 
magnetic layer 117 and the second magnetic layer 118. 

The first and the second magnetic layers 117 and 118. and 

10 the interlayer 119 are formed of the seune materials for those^ 
of the f irist and the second ma;gnetic layers 17 and 18 and the 
interlayer 19, respectively. In addition, the first and the 
second magnetic layers 117 and 118 forming the second fixed 
magnetic layer 116, may have a single layer structure or a 

15 multilayer structure composed of magnetic layers. 

The second antif erromagnetic layer 130 is not formed on 
the seed layer 141 provided above the protruding portion 111a 
of the lower shield layer 111, and the upper surface of the 
seed layer 141 formed above the protruding portion 111a is in 

20 contact with the second fixed magnetic layer 116. The second 
antif erromagnetic layers 130 are separately provided under 
the two side portions 117a of the first magnetic layer 117 of 
the second fixed magnetic layer 116 with an intermediate 
region 130c provided therebetween. Only between the second 

25 antif erromagnetic layers 130 and the respective side portions 
117a of the first magnetic layer 117 of the second fixed 
magnetic layer 116, exchange coupling magnetic fields are 
generated; however , since. the fixed magnetic ' layer 116 has a 



synthetic ferrimagnetic structure, the magnetization of the 
entire second fixed magnetic layer 116 can be appropriately 
fixed in the second direction. 

In order to generate an exchange coupling magnetic field 
5 between the second antiferromagnetic layers 130 and the first 
magnetic layer 117, the second antiferromagnetic layers 130 
are heat-treated in a magnetic field. The second 
antiferromagnetic layers 130 each have an irregular crystal 
structure before the heat treatment; however, after the heat; 

10 treatment, at least part of each of the second 

antiferromagnetic layers 130 has a regular crystal structure; 
For example, an X-Mn alloy has a crystal structure before the 
heat treatment in which X atoms and Mn atoms are arranged to 
form an irregular face-centered cubic crystal; however, after 

15 the heat treatment, at least part of the alloy described 

above is transformed so that the X atoms and the Mn atoms are 
regularly arranged to form aii LiO type (CuAuI type) face- 
centered tetragonal crystal structure. 
^ When heat treatment is performed in a magnetic field, at 

20 least part of the irregular crystal structure of each second 
antiferromagnetic layer 130 is transformed into the regular 
crystal structure 'as described above, exchange coupling 
magnetic fields are generated between the second 
antiferromagnetic layers 130 and the respective two side 

.25 portions 117a of the first magnetic layer 117 of the second 
fixed magnetic layer 116, and as a result, the magnetization 
of the first magnetic layer 117 is fixed in the second 
direction. In the embodiment shown in Fig. 2, since the 
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second fixed magnetic layer 116 has a synthetic f errimagnetic 
structure composed of the two magnetic layers 117 and 118 and 
the interlayer 119 provided therebetween, an antiparallel 
coupling magnetic field is generated by the RKKY interaction 
5 between the first magnetic layer 117 and the second magnetic 
layer 118, and the magnetization of each of the two side 
portions 118a of the second magnetic layer 118 is fixed in 
the direction opposite to the siecond direction. In addition, 
between the central portions 117b and 118b of the first 

10 magnetic layer 117 and the second magnetic layer 118, 

respectively, an antiparallel coupling magnetic filed is also 
generated, and the magnetizations of the central portions 
117b and li8b of the first magnetic layer. 117 and the second 
magnetic layer 118, respectively ^ aire fixed in an 

15 antiparallel state as those of the two side portions / 117a and 
118a. 

Between the second fixed magnetic layer 116 and the free 
magnetic layer 14, a secbndi nonmagnetic material layer 115 is 
formed. The second nonmagnetic material layer 115 is formed 

20 of the same material as that for the nonmagnetic material 
layer 15 and i is a layer which prevents magnetic coupling 
between the second fixed magnetic layer 116 and the free 
magnetic layer 14 and which allows a sense current to flow 
primarily therethrough. 

25 The length of each of the free magnetic layer 14, the 

first and the second nonmagnetic material layers 15 and 115, 
and the first and the second fixed magnetic layers 16 and li6 
in the first longitudinal direction is formed larger than the 
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width thereof in the second direction. Accordingly, the free' 
magnetic layer 14 has the shape anisotropy, and the 
magnetization of the free magnetic layer 14 is preferentially 
oriented in the track jwidth direction. In order to form the 
5 free magnetic layer 14 so as to have the shape anisotropy, 
the length of the free magnetic layer 14 between the two end 
portions thereof in the track width direction is preferably 1 
yon or more. In addition, in order to further stabilize the 
magnetization of the free magnetic layer 14 in the track 

10 width direction, induced magnetic anisotropy is also 
preferably imparted thereto in addition to the shape 
anisotropy described above, and hence the free magnetic layer 
14 is preferably formed in a magnetic field. 

In the embodiment shown in Fig. 2, the distance from one 

15 end 130b ^of a contact surface 130a between one of the second 
antif erromiagnetic layers 130 and the first magnetic layer 117 
to the other side 136b. of the other contact surface 136a * 
between the other second antif erroihagnetic layer 130 and the 
first magnetic layer 117, that is, a distance D between the 

20 antif erromagnetic layers 130 provided in the X direction, is 
formed to be equivalent to or smaller, than the track width 
(Tw) . 

According to the magnetic sensor 110, the distance (so- 
called gap length) between the lower shield layer 111 and the 
25 upper shield lay^r 26 can be decreased in the thickness 
direction, and the trend toward the narrower gap can be 
satisfied. , 

Fig. 3 is a partial cross -sectional view showing the 



structure of a magnetic sensor (spin-valve type thin film 
magnetic element) according to a third embodiment of the 
present invention, the structure being viewed from the face 
opposing a recording medium. As is the magnetic sensor 110 
5. shown. in Fig. 2, a magnetic sensor 210 shown in Fig. 3 is a 
sensor in which the first antif erromagnetic layers 20 are 
, provided above the free magnetic layer 14, and a second 
antiferromagnetic layer 230 is provided under the free 
magnetic layer 14. 

10 Since the magnetic sensor 210 shown ±n Fig. 3 has the 

istructure similar to each of the magnetic sensoris 10 and 110 
shown in Figs. 1 and 2, the Scune reference numerals of the 
constituent elements of the magnetic sensors 10 and 110 
designate the same constituent elements of the magnetic . 

15 sensor 210, and description thereof will be omitted.. 

In the magnetic sensor 210 shown in Fig. 3, no recess is 
formed in a lower shield layer 211, and the lower shield 
layer 211 has a flat upper surface. In addition, on the 
lower shied layer 211, the lower gap layer 12 and the seed 

20 layer 13 are formed. in that order, and the second ' 
antiferromagnetic layer 230 is formed thereon. 

The second antiferromagnetic layer 230 has a uniform 
film thickness and is extended in the first direction. 

In order to generate an exchange coupling magnetic field 

25 between the second antiferromagnetic layer 230 and the first 
magnetic layer 117, heat treatment is performed in a magnetic 
field. The second antiferromagnetic layer 230 has an 
irregular crystal structure before the heat treatment; 
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however, after the heat treatment, at least part of the 
second antif erromagnetic layer 230 is transformed to a 
regular crystal structure. For exeunpl^, before the heat 
treatment, an X-Mn alloy has a crystal structure in which X 
5 atoms and Mn atoms are arranged to form an irregular face- 
centered cubic crystal; however, after the heat treatment, at 
least part of the alloy described above is transformed so 
that the X atoms and the Mn atoms are regularly arranged to 
form an Lib type (CuAui type) face-centered tetragonal 

10 crystal . structure. ' 

When heat treatment is performed in a magnetic field, an 
exchange coupling magnetic field . is generated in the entire 
region between the second ant if erromagnetic layer 230 and the 
first magnetic layer 117 of, the second fixed magnetic layer 

15 116 in the track width direction, and as a result, the 

magnetization of the first magnetic layer 117 is fixed in the 
second direction. . In the . embodiment shown iii Fig. 3, since 
the fixed magnetic layer 116 has a isynthetic f errimagnetic 
structure composed of the two magnetic layers 117 and 118 and 

20 the interlayer 119 provided therebetween, an antiparallel 
coupling magnetic field is geiierated between the first 
magnetic layer 117 and the second magnetic layer 118 by the 
RKKY interaction, and hence the magnetization of the second 
magnetic layer 118 is fixed in the direction opposite to the 

25 second direction. 

As are the magnetic sensors 10 and 110, in the magnetic 
sensor 210, the length of each of the free magnetic layer. 14, 
the first and the second nonmagnetic material layers 15 and 
* ' . 
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115, and the first and the second fixed magnetic layers. 16 
and 116 in the first longitudinal direction is formed larger 
than the width thereof in the second direction. Accordingly, 
the free magnetic layer 14 has the shape anisotropy, and 
5 hence the magnetization of the free magnetic layer 14 is 
preferentially oriented in the track width direction. In 
order to form the free magnetic layer 14 so as to have the 
shape anisotropy, the length of the free magnetic layer 14 
between the two end portions thereof in the track width 

10 direction is preferably 1 or more. In addition, in orider 
to further stabilize the magnetization of the free magnetic, 
layer 14 in the track width direction, induced magnetic, 
anisotropy, is also preferably imparted thereto in addition to 

. ^ . the shape anisotropy described above, and hence the free 

15 magnetic layer 14 is preferably formed in a magnetic field. 
In the magnetic sensor 210, since the second 
antif erromagnetic layer 230 having a uniform thickness is 
extended over the seed layer 13 in the first direction, the 
element structure can be simplified, and as a result, the 

20 ' manufacturing thereof can also be easily performed. 

The magnetic sensors 10, 110, and 210 shown in Figs. 1 
to 3 each have a CIP (current in the plane) type structure in 
'which the electrode layers 23 are provided on two element 
side portions *^and a sense current flows between the electrode 

25 layers 23 in the direction parallel to the surfalces of the 

individual layers forming the multilayer structure. However, 
the present invention may also be applied to a CPP (current 
perpendicular to the plane) type structure in which a sense 
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current from an electrode layer flows in the direction 
parallel to the thickness direction of the- multilayer film,. 
The embodiments of the CPP type structure are shown in Figs. 
4 to 6.\ 

5 Fig. 4 shows a magnetic sensor 310 according to a fourth 

embodiment in which the magnetic sensor io shown in Fig. 1 is 
applied to a CPP type structure. Fig. 5 shows a magnetic 
sensor 410 according to a fifth embodiment in which the 
/magnetic sensor 110 shown in Fig. 2 is applied to a CPP type 
10 structure, and Fig. 6 shows a magnetic sensor 510 according 
to a sixth embodiment in which the magnetic sbnsor 210 shown 
in Fig. 3 is applied to a CPP type structure. 

- The same reference numerals of the constituent elements 
of the magnetic sensor 10, 110, and 210 shown in Fig. 1 to 3 
15 designate the same constituent elements in Figs. 4 to 6, and 
description thereof will be omitted. 

In the magnetic sensors 310, 410, and 510 shown in Fig. 
4 to 6, each of the lower shield layers 11, 111, and. 211 is 
formed of a magnetic material such as a NiFe alloy and serves 
20 as a lower electrode layer in addition to the shielding 
function. 

In the embodiments shown in Figs. 4 to 6, insulating 
layers 150 are formed at the places at which the electrode 
layers 23 are provided in Figs. 1 to 3. In addition, an 
25. upper shield layer 151 is formed over the insulating layers 
150 to the first magnetic layer 17 of the fixed magnetic 
layer 16 exposed at the intermediate region 20c which is 
formed between the antif erromagnetic layers 20. The upper 



shield layer 151 is formed of a magnetic material such as a 
NiFe alloy and also serves as an upper electrode layer in 
addition to the shielding function. 

In addition, the upper shield layer 151 must be 
5 magnetically isolated from the first magnetic layer 17, and , 
as shown by dotted lines in Figs. 4. to 6, an upper gap layer 
152, that is, a nonmagnetic conductive layer, is preferably 
provided. " 
In the embodiments shown in Figs . 4 to 6 , by the 

10 insulating layers 150 provided above the first magnetic layer 
17, a sense current from the upper shield layer 151 can be 
prevented from being shunted to the two sides in the track 
width direction, and as* a result, a magnetic sensor having a 
large reproduction output can be manufactured. 

15 . The nonmagnetic conductive layer 15 shown in Figs^ 4 to 

6 is formed, for example, of Cu; however, in a tunnel type' 
magnetoresistive element (TMR element) using the principle of 
a spin tunnel effect, the nonmagnetic conductive layer 15 is 
formed, for example, of an insulating material such as AI2O3. 

20 In the magnetic sensors 10, 110, 210, 310, 410, and/5l0 

described with reference to Figs. 1 to 6, the structures are 
described by way of example in which the antif erromagnetic 
layers 20 and 130 formed. on the two side portions 17a of the 
first magnetic layer 17 and under the two side portions 117a 

25 thereof, respectively, are provided separately with the space 
provided therebetween and in which the antif erromagnetic 
layers 20 and 130 are not provided on the- central portion 17b 
of the first magnetic layer i7 and under the central pprtion 
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117b thereof, respectively. However, the present invention 
is not limited thereto, at the intermediate region 20c 
described above, nonmagnetic metal layers having the same * 
compositions as those of the. antif erromagnetic layers 20 and 
5 130 may be provided. However, in this case, the nonmagnetic 
metal layers having the same, compositions as those of the 
antif erromagnetic layers 20 and 130 are preferably formed to 
' have small thicknesses as compared to those of the 

antif erromagnetic layers 20 and 130. In this case, the 

10 nonmagnetic metal layers having the same compositions as 

those of the antif erromagnetic layers 20 and 130 a.re formed, 
so that even when heat treatment is performed in a magnetic 
field for the antif erromagnetic layers 20 a.nd 130, the 
thickness of each nonmagnetic metal layer is not transformed 

15 into a regular crystal structure and. is maintained in a 
irregular crystal state. 

As described above, since having the irregular crystal 
structures even after the heat treatment, the nonmagnetic 
metal layers having the seune compositions as those of the 

20 ant if erromagnetic layers 20 and 130 do not exhibit 

antif erromagnetic properties, and as a result, exchange 
coupling is not generated with the first magnetic layer 17 
. and 117. Since the nonmagnetic metal layer has a small 

thickness, the shunt of sense, current can be suppressed, and 

25 "^as a result, the output can be improved. In addition, since 
exchange coupling is not generated, even when the temperature 
of the nonmagnetic metal layer is increased higher than 
blocking temperatures of the antif erromagnetic layers 20 and 
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130, the magnetization will not be insecurely fixed, that is, 

for example, the directions of magnetization of the. fixed 

magnetic layers 16 and 116 are not reversed. 

In the case in which the nonmagnetic metal layer is 
5 provided, the following structure is preferably formed since 

the magnetization of each of the fixed magnetic layers 16 and 

116 at the intermediate region 20c, that is, at the central 

portion, can be more tightly fixed. 

Fig. 7 shows the structure of the magnetic sensor shown 
10 in Fig. 1 in which a nonmaignetic metal layer 60 is formed at 

the intermediate region 20c between the first 

antif erromagnetic layers 20. - 

Since haying the same composition as that of each of the 

first ant iferromagnetic layers 20, which are formed at the 
15 two sides of the nonmagnetic metal layer 60 in the track 

width direction, the nonmagnetic metal layer 60 is formed, 

for example, of a PtMn alloy or an X-Mn alloy (where. X . is . at ^ 

least one selected from the group consisting of Pt, Pd, Ir, 

Rh, Ru, Os, Ni, andFe). 
20 ' The thickness of the nonmagnetic metal layer 60 may be 

smaller than that of the first .antif erromagnetic layer 20 and 

is preferably 5 to 50 A. 

When the thickness of the nonmagnetic metal layer 60 

formed of a PtMn alloy or an X-Mn alloy (where X is at least 
25 one selected from the group consisting of Pt, Pd, Ir, Rh, Ru, 

Os, Ni, and Fe) is in the range as described above, the 

nonmagnetic metal layer 60 maintains a face-centered cubic 

structure .(fee) which is the structure obtained in film 



- 44 - 



formation. It is not preferable that the nonmagnetic metal 
layer 60 have a thickness of more than 50 A since the 
; transformation thereof will occur into a CuAuI type regular 
face-centered tetragonal structure (fct) when heating is 
5 performed to approximately 250'' C or more. However, although 
having a ^thickness of more than 50 A, when the nonmagnetic 
metal layer 60 is not heated to approximately 250" C or more, 
the nonmagnetic metal layer 60 will maintain a face -centered 
cubic structure (fee) which is obtained in film formation. 

10 When the nonmagnetic metal layer 60 formed -of a PtMn 

alloy or an X-Mn alloy (where X is. at- least one selected from 
the group consisting of Pt, Pd> Ir, Rh, Ru, Os, Ni,. and Fe) 
has .a face-centered cubic structure (fee), at the interface 
between this nonmagnetic metal layer 60 and the central 

15 portion 17b of the first magnetic layer 17, an exchange 
coupling magnetic field is not generated, or even when . 
generated, the magnitude of the exchange coupling magnetic 
field is very small, and as a result, the magnetization of 
the central portion 17b of the first magnetic layer 17 cannot 

20 be fixed thereby.^. This situation is the same as described 
above, and a bias magnetic field by exchange, interaction in 
the magnetic layers and/or a coupling magnetic field by the 
RKKY interaction acts on the first magnetic layer 17. 

According to the structure shown in Fig. 7, in addition 

25 to the 'action described above, unidirectional anisotropy at 
the central portion of the fixed magnetic layer 16 also 
serves, to fix the magnetization of the fixed magnetic layer 
16 stably at the central portion thereof. 



In the embodiment shown in Fig. 1 , the thickness of the 
second magnetic layer 18 is larger than that of the first 
magnetic layer 17. For example, the magnetization of the 
second magnetic layer 18 is oriented -in the height direction 
5 (Y, direction in the figure), and the magnetization of the 
first magnetic layer 17 is fixed antiparallel to the height 
direction. 

The thickness of the first magnetic layer 17 is 10 to 30 
A, and the thickness of second magnetic layer 18 is 15 to 35 

10 A. When the thickness of the first magnetic layer 17 is 

■ t . ■ . - * - 

increased, the coercive force is increased. . However, when 
the thickness of the first magnetic layer 17 is large, the 
shunt loss is increased. In addition, when, atoms of the 
central 'portion 17b of the first magnetic layer 17 are 
15 aligned with those of the nonmagnetic metal layer 60, a 
strain is generated in the crystal structure, and by this 
strain, a magnetostriction constant X and unidirectional 
anisotropy are increased. However, when the thickness of the 

first magnetic layer 17 is too large, the strain generated in 

if' 

20 the vicinity of the interface between the central portion 17b 
of the first magnetic layer 17 and the nonmagnetic metal 
layer 60 is relatively decreased in. consideration of the 
entire volume of the first magnetic layer 17, and as a result, 
the magnetostriction constant X and the unidirectional 

^25 anisotropy are also decreased. 

In this embodiment, of the induced magnetic anisotropy 
and the magnetoelastic effect, each of which determines the 
uniaxial anisotropy that fixes the magnetization of the fixed 



46 



magnetic layer 16 at the central portion thereof, the 
magnetoelastic effect is primarily exploited. 

The magnetoelastic effect is determined .by 
magnetoelastic energy. The magnetoelastic energy is defined 
5 by a stress applied to the fixed magnetic layer 16 and the 
magnetostriction constant X. of the central portion thereof . 

Fig. .10 is a partial plan view of the magnetic sensor 
shown in Fig. 7 when it is viewed from the upper side (along 
the direction opposite to Z direction in , the figure) in the 
10 figure. * In Fig. 10, eufiong layers forming a magnetic sensor T, 
the electrode layers 23 and the first magnetic layer 17 are 
, shpwn , : and the other layers are omitted. 

In' addition, as shown in Fig. 10, the periphery of the 
magnetic sensor T is surrounded by an insulating material 61 
15 indicated by oblique lines. 

In addition, an end surface F of the magnetic sensor T 
at the face opposing a recording medium. is an. open end 
surface, that is, the end surface F is exposed or is covered 
only with a thin protection layer composed of disunond-like 
20 carbon (DLC) having a thickness of 20 to 50 , A. 

Due to the presence, for example, of the gap layers 12 
and 25 located at the, top and the bottom of the magnetic 
sensor T, the stress applied to the magnetic sensor was two- ' 
dimensionally isotropic ; however since the end surface F . . 
25 becomes the open end surface, the symmetry of the stress is 
no longer maintained, and as a result, a unidirectional- 
tensile stress is applied to the magnetic sensor T in the 
direction parallel to the height direction (Y direction in 



the figure). In addition, as shown in Fig. 10, due to. the 
presence of internal stresses of the electrode layers, 
compressive stresses in the direction parallel to the track 
width direction and in the direction antipairallel thereto are 
5 generated from the electrode layers 23, and after these 
compressive stresses are passed to the lower side of the 
magnetic sensor T, the tensile stress in the height direction 
and the compressive stresses in the track width direction are 
applied to the fixed magnetic layer 16 having the open end 

10 surface F at the face opposing a recording medium. In. 

addition, when the first magnetic layer 17 is formed of a 
magnetic material having a positive magnetostriction constant 
by the magnetbelastic effect, an. easy axis of magnetization 
of the first, magnetic layer 17 becomes parallel to the 

15 direction toward the rear side (height direction, or Y 
direction in the figure) of the magnetic sensor. 

In the embodiment shown in Fig. 7, by increasing the, 
magnetostriction constant of the central portion of the fixed 
magnetic layer 16, the magnetoelastic energy acting on the, 

20 central portion described above is increased, and in 

accordance with this increase, the uniaxial anisotropy of the 

^ central portion of the fixed magnetic layer 16 is increased. 

' .J 
When the uniaxial anisotropy of the central portion of the 

fixed magnetic layer 16 is increased, since the magnetization 

25 thereof is tightly fixed in a predetermined direction even 

when the exchange coupling magnetic field with the first 

magnetic layer 17 is not present, unlike the magnetizations 

- at the two side portions of the. fixed magnetic layer 16, the 
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output of the magnetic sensor is increased, and the stability 
and the symmetry of the output are improved. 

In particular, by bonding the central portion 17b of the 
first magnetic layer 17 forming the fixed magnetic layer 16 
5 to the nonmagnetic metal layer 60, the strain is generated in 
the crystal structure of the central portion 17b of the first 
magnetic layfer 17, thereby increasing the magnetostriction 
constant X.. of the central portion 17b thereof. 

The nonmagnetic metal layer 60 has an fee structure, and 
10. equivalent crystal planes represented by a {111} plane are 
preferentially oriented in the direction parallel to the 
interface. 

On the other hand, when the first magnetic layer I7 of 
the fixed magnetic laiyer 16 is formed of Co or Co^Fey (where 

15 ys20 and x+y=100 are satisfied), the first magnetic layer 17 
has a face-centered cubic (fee) structure. In the first 
magnetic . layer 17, equivalent crystal planes represented by a 
{111} plane are preferentially oriented in the direction 
parallel to the interface. 

20 I Accordingly, atoms forming the central portion i7b of 

the first magnetic layer 17 and atoms forming the nonmagnetic 
metal layer 60 are likely to be aligned with each other, and 
hence the crystal of the nonmagnetic metal layer 60 and the 
crystal of the central portion of the fixed magnetic layer 16 
.25 are placed together in an epitaxial state. 

• However, the nearest interatomic distance of the {111} 
plane of the central portion 17b of the first magnetic layer 
17 and the nearest interatomic distance of the {111} plane of 
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the nonmagnetic metal layer 60 must be different by a 
predetermined level or more. 

While the atoms forming the nonmagnetic metal layer 60 
and the atoms of the central portion 17b of the first 
5 magnetic layer 17 are being aligned with each other, in order 
to generate the strain in the crystal structure for. 
increasing the magnetostriction of thte central portion 17b of 
the first magnetic layer 17, the Pt content of the PtMn alloy 
.of the nonmagnetic metal layer 60 and the X element content 

io . of the X-Mn .alloy is preferably adjusted. 

For example, when the Ft content of the, PtMn alloy or 
the X element content of the X-Mn alloy is' set to 51 atomic 
percent or more, the magnetostriction of the central portion 
17b of the first magnetic layer 17 to be aligned with the 

15 nonmagnetic metal layer 60 is rapidly increased. In addition, 
when the Pt content of the RtMn alloy or the X element 
content of the X-Mn alloy is set in the^ range of from 55 to 
95 atomic percent, the magnetostriction of the Central 
portion 17b of the first magnetic layer 17 is increased and 

20 is also stabilized. 

In addition, a value (hereinafter referred to as 
"mismatch value") is preferably set in the range of from 0.05 
to 0.20. The mismatch value described above is obtained when 
the difference between the nearest interatomic distance of 

25 the {111} plane of the nonmagnetic metal layer 60 and the 
nearest interatomic distance of the £111} plane of the 
central portion 17b of the first magnetic layer 17 of the 
fixed magnetic layer 16 is divided by the nearest interatomic 
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distance of the {111} plane of the central portion 17b of the 
.first magnetic layer 17. 

In the magnetic sensor of this embodiment, as 
schematically shown in Fig. 11, while the atoms forming the 
5 nonmagnetic metal layer 60 and the atoms of the central 

portion 17b of the first magnetic layer 17 are being aligned 
with each other, the strain is generated in the crystal 
structure in the vicinity of the interface. 

In Fig. 11, reference label Nl indicates the nearest 
10 interatomic distance of the {111} plane of the central 

portion 17b. of the first magnetic layer 17, and reference 
label N2 indicates the nearest interatomic distance of the 
{111} plane of the nonmagnetic metal layer 60. The nearest 
interatomic distances indicated by Nl and N2 are measured at 
15 a place apart from the interface between the nonmagnetic 
metal layer 60 and the central portion 17b of the first 
magnetic layer 17 at which the influence of the strain is 
small . 

As described above, when the stain is generated in the 
20 crystal structure of the central portion 17b of .the first ^ 
magnetic layer 17, the magnetostriction constant X. thereof 
can be Increased, and as a result, a significant 
magnetoelastic effect can be obtained. 

When the mismatch value obtained from the nonmagnetic 
25 metal layer 60 and the central portion 17b of the first 

magnetic layer 17 is too jsmall, as schematically shown in Fig. 
12, when the atoms of the nonmagnetic metal layer 60 and the 
atoms of the central portion 17b of the first magnetic layer 
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17 are aligned with each other, the strain is not generated 
in the crystal structure in the vicinity of the interface, 
and as a result, the magnetostriction constant X of the 
central portion 17b of the first magnetic layer 17 cannot be 
increased. 

On the other hand, when the mismatch vale obtained from 
the nonmagnetic metal layer 60 and the central portion 17b of 
the first magnetic layer 17 becomes too large, as 
schematically shown in Fig. 13, the atoms of the nonmagnetic 
metal layer 60 and the atoms of the central portion i7b of 
the first magnetic layer il are not aligned with each other * 
and are placed in a non- epitaxial state or a non-aligned 
state. When the atoms of the . nonmagnetic metal JLayer 60 and. 
the atoms of the central portion 17b of the first magnetic 
layer 17 are placed in a non- epiteixial state or a non-aligned 
state, the strain is not generated in the crystal structure 
in the vicinity of the interface , and as a result , the 
magnetostriction constant X of the central portion 1713 of the 
first magnetic layer 17 cannot be increased. ^ 

In addition, the central portion 17b of first magnetic 
layer 17. of the fixed magnetic layer 16 may also have a body- 
centered cubic (bcc) structure, so that equivalent crystal 
planes represented by a {110} plane is preferentially 
oriented in the direction parallel to the interface. 

For example, when the first magnetic layer 17 of the 
fixed magnetic l^yer 16 is formed of Co^Fey (where y^20 and 
x+y=100 are satisfied), the first magnetic layer 17 has a. 
body-centered cubic (bcc) structure. 



As described above, the nonmagnetic metal layer 60 has 
an fee structure, and equivalent crystal planes represented 
by a {111} plane is preferentially oriented in the direction 
parallel to the interface. 

Since the atomic arrangement of equivalent crystal 
planes represented by the {110} plane of a crystal having a 
bcc structure and the atomic arrangement of equivalent 
crystal planes represented by the {111} plane of a crystal 
having an fee structure are similar to each other, the 
crystal having a bee structure and the crystal having an fee 
structure can be placed in an alignment state, that is, in a 
heteroepitaxial state, in which the atoms of the individual 
structures are aligned with each other. 

In addition,;' the nearest interatomic distance of the 
{110} plane of the central portion 17b of the first magnetic 
layer 17 differs from that of the {111} plane of the 
nonmagnetic metal layer 60 by a predetermined level or more. 
Accordingly, in the vicinity of the interface between the 
central portion 17b of the first magnetic layer 17 and the 
nonmagnetic metal layer 60, while the atoms forming the 
central portion 17b of the first magnetic layer 17 and the 
atoms forming the nonmagnetic metal layer 60 are being 
aligned with each other, strains are generated in the 
individual crystal structures. Hence, by generating the 
strain in the crystal structure of the central portion 17b of 
the first magnetic layer 17, the magnetostriction constant k 
of the central portion 17 thereof can be increased. 

In addition, COjjFey (where y^ 20 and x+y=100 are 
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satisfied) having a bcc structure has a large 
magnetostriction constant X than that of Co or Cpj^Fey { where 
y^20 and x+y=100 are satisfied) particularly when y is 
approximately 50, and hence, a larger magnetbelastic effect 
5 can be obtained. In addition, Co^Fey (where y^20 and x+y=100 
are satisfied) haying a bcc structure has a high coercive 
force, and hence .the magnetization of the central portion of 
the fixed magnetic layer 16 can be tightly fixed. ^ 

In the present invention, it is preferable when the 

10 atoms forming the central portion 17b of the first magnetic 
layer 17 and the atoms forming the nonmagnetic metal layer 60 
are mostly aligned with each other in the vicinity of the 
interface therebetween so as to be placed together in an 
alignment state. For example, as schematically shown in Fig. 

15 11, there may be regions in which part of the atoms forming 
the central portion 17b of the first magnetic layer 17 and 
part of. the atoms forming the nonmagnetic metal layer 60 are 
not aligned with .each other. 

In addition, as a material for the second magnetic layer 

20 18, either Co^Fey (where y^20 and x+y-.lOO are satisfied) 
having a bcc structure or Co or Co^Fey (where y^ 20 and 
x+y=100 are satisfied) havingf an fee structure may be used. 

When Co^Fey (where ya:20 and x+y=100 are satisfied) 
having a bcc structure is used as the material for the second 

25 magnetic layer 18, a positive magnetostriction can be * 
increased. Co^Fey (where y^20 and x+y=106 are satisfied) 
having a bcc structure has a large coercive force and can 
tightly fix. the magnetization of the fixed magnetic layer 16 
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at the central portion thereof. In addition, the RKKY 
interaction is increased between the first magnetic layer 17 
and the second magnetic layer 18 with the interlayer 19 
provided therebetween.' 
5 On the other hand, since being in contact with the 

nonmagnetic material layer 15 and has a significant influence 
on the magnetoresistive effect, when the second magnetic 
layer 18 is formed of Co or COxFey (where y^20 and x+y=100 
are satisfied) having ah fee structure, the magnetoresistive 

10 effect is not so much degraded. ^ 

In addition, in the embodiment shown in Fig. 7, when the 
electrode layers 23 are each formed of Cr, a- Ta, or Rh, and 
when the lattice spacing of the electrodes 23 parallel to the 
film surface are 0.2044 nm or pore, 0.2337 nm or more, or 

15 .0.2200 nm or more in the case of the {110} plane of Cr (bcc), 
the {110}. plane of a-Ta (bcc), or the {111} plane of Rh 
(fee), respectively, a compressive stress applied to the 
fixed magnetip layer 16 provided under the electrode layers 
23 can be increased. In this case; in directions indicated 

20 by the arrows shown in Fig. 10, that is, in directions toward 
the outside of the electrode layers 23, the electrode layers; 
23 are expanded, and as a result, compressive stresses can be 
applied to the fixed magnetic layer 16 in the direction 
parallel and antiparallel to the track width direction (X 

25 direction in the figure) . 

The lattice spacing of the electrode layers 23 parallel 
to the film surface can be measured using x-ray diffraction 
or electron 'beam diffraction . The lattice spacings of the 
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{110} plane of Cr (bcc), the {110} plane of a~Ta (bcc), and 
the {111} plane of Rh (fee) in the bulk state in parallel to 
the film surface are 0.2040 nm, 0.2332 nm, and 0.2196 nm, 
respectively, and when the lattice spacings described above 
5 are increased/ compressive stresses are applied to the fixed 
magnetic layer 16 by the electrode layers 23. 

When the electrode layers 23 are formed of Cr and a soft 
metal material such as Au,.the compressive stresses described 
above may have the following differences therebetween. . 

10 For example, a film, which is formed of a bias 

underlying layer of Cr 50 A thick; a hard bias layer 
including CoPt 200 A thick, an interlayer of Ta 50 A thick, 
and an electrode layer of Au 800 A thick; and a protection 
layer of Ta 50 A thick in that order from the bottom, 

15 generates a compressive stress of 280 MPa. 

On! the other hand, a film, which is formed of a bias 
underlying layer of . Cr 50 A thick; a hard. bias layer 
including CoPt 200 A thick, an interlayer of Ta 50 A thick, 
and an electrode layer of Cf 1,400 A thick; and a protection 

20 layer of Ta 50 A thick in that order from the bottom, 
generates a compressive stress of 670 MPa. 

When the electrode layers 23 described above are formed 
by sputtering, ion beam sputtering is used, and the pressure 
of Ar, Xe, Kr, or the like in a sputtering chamber is 

25 decreased tb 5x10*^ to IxlO"*^ Pa. When the pressure of Ar, Xe, 
, Kr, or the like is low in the sputtering chamber, the . 
probability of collision of the atoms such as Cr forming the 
electrode layers 23 with atoms such as Xe is decreased, and 
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hence the atoms such as Cr is deposited while retaining high 
energy. When the atoms such as Cr, which are sputtered from 
a target and which have high energy, come into a film made of 
Cr which has been already formed, the electrode layers -23 are 
5 expanded toward the outside. 

In addition, the magnetostriction of the free magnetic 
layer 14 is preferably a negative magnetostriction. As 
described above, the compressive stresses are applied to the 
magnetic sensor from the two sides thereof, the free magnetic 
10 layer 14 having- a negative magnetostriction becomes likely to 
' have an easy axis of magnetization parallel or antiparallel 
to the track width direction (Y direction. in the figure) by 
the magnetoelastic effect. 

In addition, since the compressive stress in the 
15 vicinity of the central portion of the free magnetic layer 14 . 
is smaller than that at each of the two side portions thereof, 
the decrease in' magnetic field detection sensitivity/ can. be 
suppressed. 

The magnetostriction constant X of the free magnetic 

20 layer 14 is preferably in the range of from 

-8xl.0"^^X^-0 . 5x10"^ . When the magnetostriction constant X of 
the free magnetic layer 14 is too negative, the reproduction 
sensitivity of the magnetic sensor is decreased. On the 
other hand, when the magnetostriction constant X (absolute 

25 value) of the free magnetic layer 14 is too large, the 

reproduction waveform of the magnetic sensor is liable to be 
deformed. 

In addition, when the structures of the nonmagnetic 

- 57 - 



metal layer 60 and the first magnetic layer 17 are 
appropriately formed as described above, in particular, in 
the case in which the longitudinal dimension of the fixed 
magnetic layer 16 is formed to extend long in the track width 
5 direction as shown in Fig. .7, the magnetization of the 

central portion of the fixed magnetic layer 16 can be further 
stabilized. 

As described above, the free magnetic layer 14 is formed 
to extend long in the track width direction (first direction), 

10 and by this shape anisotropy, the magnetization is oriented 
in the track width direction. In addition, isince the fixed 
magnetic layer 16 is also formed to ext.end long in the track 
width direction as is the free magnetic layer 14, the shape 
anisotropy is likely to be obtained in the track width 

15 direction. In particular, as described with reference to Fig. 
7, by exploiting the magnetoelastic effect, the magnetization 
of the central portion 16b of the fixed magnetic layer 16 can 
be stably oriented in the height direction, and as. a result,* 
a magnetic sensor can.be realized which is provided with a 

20 reproduction function having a large and stable reproduction 
output . 

Fig. 8 shows a modified example of the magnetic sensor 
shown in Fig. 2, and as is the magnetic sensor shown in Fig. , 
7, the nonmagnetic metal layer 60 having a small thickness 
25 and the same comfposition as that of the first 

antif erromagnetic layer 20 is formed between the first 
antif erromagnetic layers 20 in the track width direction. 
Since preferable embodiments of the nonmagnetic metal layer 
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60 and the first magnetic layer 17 were described in detail 
with reference to Fig. 7, description thereof will be omitted. 

In addition; as shown in Fig. 8, at the intermediate 
region 130c between the second antif erromagnetic layers 130 
in the track width direction, a nonmagnetic metal layer 63 is 
also* formed having a small thickness and the same composition 
as that of the second antif erromagnetic layer 130. Since a 
material, the crystal orientation, and the like of the 
nonmagnetic metal layer 63 are the same as those of the 
nonmagnetic metal layer 60, descriptions thereof will be 
omitted. In addition, a material, the crystal orientation, 
and the like of the firsft magnetic layer 117 forming the 
fixed magnetic layer 116 are also the same as those of the 
first magnetic layer 17 , description thereof will be omitted. 

In the dual spin-valve type thin film element shown in 
Fig. 8, by providing the nonmagnetic metal layers 60 and 63 
having a small thickness at the respective intermediate 
regions 20c and 130c between the first antif erromagnetic 
layers 20 and, between the second antif erromagnetic layers 130, 
respectively, the magnetizations can be further stabilized at 
the central portions of the fixed magnetic layers 16 and 116, 
and as a result, a magnetic sensor provided with a. 
reproduction function having a large and stable reproduction 
output can be manufactured. 

Fig. 9 shows a modified example of the magnetic sensor 
shown in Fig. 8. As shown in Fig. 9, between the seed layer 
141 and the nonmagnetic metal layer 63 provided between the 
antif erromagnetic layers 130, a nonmagnetic metal layer 64 



made of at least one element selected from the group 
consisting of Ru, Re, Os, Ti, Rh, Ir, Pd, Pt, and Al Is 
. provided • 

The nearest interatomic distance of the {111} plane or a 
5 C plane of the nonmagnetic .metal layer 64 made of Ru or the 
like is smaller than that of the {111} plane of the 
nonmagnetic metal layer 63 made of a PtMn alloy or X-Mn 
(where X is at least one selected from the group consisting 
of Pd, Ir, Rh, Ru, Os, Ni, and Fe). In the case described . 

10 above, the nearest interatomic distance in the direction 

parallel to the film surface can be increased in a stepwise 
manner from the seed layer 141 to the nonmagnetic metal layer 
63, and hence the ratio of lion-aligned regions formed by an 
excessive strain, which is generaited in the .central portion 

15 11713 of the first magnetic layer 117, can be reduced. 

^ ' . Figs. 14 to 16 are partial cross -sectional views showing 
other embodiments of the fixed magnetic layer 116 (although 
the fixed magnetic layer 16 provided with the ; 
antif erromagnetic layers formed thereon may also be applied 

20 to the same embodiments as mentioned above, in these 

embodiments, the fixed magnetic layer 116 will be described 
which is provided with the antif erromagnetic layers formed 
thereunder). In addition. Figs. 14 to 16 are enlarged views 
* of the fixed magnetic layer 16 in vicinity of the element 

25 central portion shown in Fig. 8. 

As shown in Fig. 14, the first magnetic layer 117 
forming the fixed magnetic layer 116 may be composed of an 
fee magnetic layer 117bl provided at the nonmagnetic metal 

- 60. - 



layer 63 side and a bcc magnetic layer 117b2 provided at the 
interlayer 119 side. 

The fee magnetic layer 117bl has a face -centered cubic 
(fee) structure and is. a magnetic layer in which equivalent 
5. crystal planes represented by a {111} plane are 

preferentially oriented in the direction parallel to the 
interface/ and the bcc magnetic layer li7b2 has a body^ 
centered cubic (bcc) structure and is a magnetic layer in 
which equivalent crystal planes represented by a {110} plane 
10 are preferentially oriented in the direction parallel to the 
interface. 

The fee magnetic layer 117bl is formed of Co or Co^Fey 
(where y^20 and x+y=100 are satisfied) , and the bcc magnetic 
layer 11 7b2 is formed of COxFey (where ya:20 and x+y=100 are 

15 . satisfied). . 

When the first magnetic layer 117 in the vicinity of the 
interface at the interlayer 119 side is formed to have a bee 
structure, the magnetostriction' constant X at the central 
portion 117b of the first magnetic layer 117 can be increased, 

20, and as a result, a large magnetoelastie effect can be 
obtained^ In addition, when the composition at the 
interlayer 119 side is Co^Fey (where y^20 and x+y=100 are 
satisfied) , the RKKY interaction is increased between the 
first magnetic layer 117 and the second magnetic layer 118 

25 with the interlayer 119 provided therebetween. 

On the other hand, when the first magnetic layer 117 in 
the vicinity of the interface at the nonmagnetic metal layer 
63 side is formed to have an fee structure, the crystal 
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orientation properties at the central portions of the fixed 
magnetic layer 116, the nonmagnetic material layer 115, and 
the free magnetic layer 14 become uniform, the size of 
crystal grain is also increased, and as a result, the irate 
5 (MR ratio) of change in magneto-resistance can be increased. 
In addition, as shown in Fig. 15, the second magnetic 
layer 118 forming ^ the fixed magnetic layer 116 may be 
composed of an fee magnetic layer 118b2 provided at the 
nonmagnetic material layer 115 side and a bcc magnetic layer 

10 llSbl provided at the interlayer 119 side. 

The fee magnetic layer 118b2 has a face-centered cubic 
(fee) structure and is a magnetic layer in which equivalent 
crystal planes represented by a {111} plane are 
preferentially oriented in the direction parallel to. the 

15 interface, and the bcc magnetic layer. 118b 1 has a body- 
centered cubic (bee) structure and is a magnetic layer in 
which equivalent crystal planes represented by a {110} plane 
are preferentially oriented in the * d^ parallel to the 

interface. 

20 The fee magnetic layer ir8b2 is formed of Go or Co^Fey 

(where y^ 20 and x+y=100 are satisfied) , and the bcc magnetic 
layer 118bl is formed of Co^Fey (where y^20 and x+y=100 are 
satisfied) - 

When the second magnetic layer 118 in the vicinity of 
25 the Interface at the interlayer 119 side is formed to' have a 

bc6 structure, the magnetostriction constant K at the central 

t 

portion 118b of the second magnetic layer 118 can be 
increased, and as a result,' a large magnetoelastie effect can 
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be obtained. In addition, when the composition at the 
interlayer 119 side is Co^Fey (where y^20 and x+y=100 are 
satisfied)., the RKKY interaction is increased between the 
first magnetic layer 117 and the second magnetic layer 118 
5 provided with the interlayer 119 therebetween. 

On the other hand, when the central portion 117b of the 
first magnetic layer 117 in the vicinity of the interface at 
the nonmagnetic metal layer 63 side is formed to have an fee 
structure, the degradation of the magnet oresistive effect can 

10 be suppressed. 

In addition, as shown in Fig. 16, the first magnetic 
layer 117 forming the fixed magnetic layer 116 may be 
composed of the fee magnetic layer 117b 1 provided at the 
nonmagnetic metal layer 63 side and the bee magnetic layer 

15. 117b2 provided at the interlayer 119. side. Furthermore, the 
second magnetic layer 118 may be composed of the fee magnetic 
layer 118b2 provided at the nonmagnetic material layer 115 
side' and the hoc magnetic layer 118bl provided at the 
nonmagnetic interlayer 119 side. 

20 In Figs. 14 to 16, the first magnetic layer 117 has a ^ 

multilayer structure composed of the fee magnetic layer 117bl 
and the bee magnetic layer 117b2 provided thereon, and in 
. addition, the second magnetic layer 118 has a multilayer 
structure composed of the bee magnetic layer 118bl and the 

25 fee magnetic layer 118b2 provided thereon. ^ 
However, according to the present invention, in the 
vicinity of the interface at the nonmagnetic metal layer 63 
side, the first magnetic layer 117 of the fixed magnetic 
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layer 116 may have a face -centered cubic (fee) structure in 
which equivalent crystal planes represented by a {111} plane 
are preferentially oriented in the direction parallel to the 
interface, arid in addition, in the vicinity of the interface 
at the interlayer 119 side, the first magnetic layer 117 of 
the fixed magnetic layer 116 may have a body-centered cubic 
(bcc) structure in which equivalent crystal planes 
represented by a {110} plane are preferentially oriented in 
the direction parallel to the interface. 

' Accordingly, the following structure may also be used in 
the present invention. That is, the first magnetic layer 117 
of the fixed magnetic layer 116 in the vicinity of the 
interface at the nonmagnetic m^tal layer 63 side is composed 
of Co or COxFey (where y^ 20 arid x+y= 100 are satisfied) and 
has an fee structure in which equivalent crystal plane 
represented by a {111} plane are preferentially oriented in 
the .direction parallel to the Interface. In addition, the Fe 
concentration is gradually increased froin the vicinity of the 
nonmagnetic metal layer 63. side to that of the interlayer 119 
side so . as to have a composition represented by Co^Fey (where 
y^20 and x+y=100 are satisfied) in the vicinity of the 
interface, at the interlayer 119 side and have a body- centered 
cubic (bcc) structure in which equivalent crystal planes 
represented by a {110} plane are preferentially oriented in 
the direction parallel to the interface. 

In addition, as is the case described above, the second 
magnetic layer 118 may also be composed of a CoFe alloy in 
which the Fe concentration is gradually increased from the 



vicinity of the interface at the nonmagnetic material layer 
115 side to that at the interlayer 119 side. 

Examples 

5 By using magnetic sensors having the structures shown in 

Fig 17 (example) and shown in Fig. 20 (comparative example), 
a unidirectional exchange bias magnetic field Hex* and a 
reproduction output (normalized output) were obtained. 

Fig. 17 (example) is a partial cross -sectional view 

10 schematically showing a magnetic sensor when it is viewed 
from the face opposing a recording medium, and the film 
structure had a seed layer of 60 atomic percent of 
(Ni0.8Fe0.2) and 40 atomic percent of Cr (60 A);. a free 
magnetic layer of 80 atomic percent o£ Ni and 20 atomic 

15 percent of Fe (35 A)/90 atomic percent of Co arid 10 atomic 
percent of Fe (10 A); a nonmagnetic material layer of Cu (21 
A) ; a fixed magnetic layer [a second magnetic layer of 90 
atomic percent of Co and 10 atomic percent of Fe (X A) /an 
interlayer of Ru (9 A) /a first magnetic layer pf 90 atomic 

20 percent of Co and 10 atpmic percent of Fe (Y A)]; and 

antiferromagnetic layers of 50 atomic percent of Pt and 50 
atomic percent of Mn (200 A) provided in the order from the 
bottom. The parentheses indicate the thickness of the 
individual films. 

25 As shown in Fig. 17, the magnetization of the free 

magnetic layer was oriented in the track width direction, 
that is,- the first direction (X direction in the figure); 
however, a permanent magnet layer or other antiferromagnetic 

' 65 - 



layers, which were used for controlling the magnetization of 
the free magnetic layer, were not provided. In addition, as 
shown in Fig. 17, the magnetizations of the first magnetic 
layer and the second magnetic layer were parallel to the 
5 height direction, that is, the second direction, (Y direction 
; in the figure), and were antiparallel to each other. 

As also shown in Fig. 17, the space was provided between 
the first antif erromagnetic layers, and from this space, the 
first magnetic layer forming the fixed magnetic layer was 
10 exposed. The width dimension of this space in the width 
direction was a track width RTw, and this track width 
direction RTw was a physical track width. (Physical Read Track 
Width) . 

By variously changing the film thickne|sses of the first 
15 and the second magnetic layers represented by X and- Y A,* 

respectively, the relationships of the track width RTw with 
the unidirectional exchange bias magnetic fiiBld and the 
normalized output were obtained. In this example, the 
magnitude of an external magnetic field at which the rate of 
20 change in resistance (AR/R) was a half of the maximum value 
thereof was defined as the unidirectional exchange bias 
magnetic field (Hex*); Since the fixed magnetic layer 
described above had a synthetic ferrimagnetic structure, the 
unidirectional exchange coupling magnetic field means the 
25 magnitude of a magnetic field including the coupling magnetic 
field generated between the CoFe layers forming the fixed 
magnetic layer by the RKKY interaction in addition to the 
exchange coupling magnetic field generated between the fixed 
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magnetic layer and the antif erromagnetic layer. VHien this 
unidirectional exchange coupling magnetic field is larger, 
the magnetization of the f ix^d magnetic layer can be more 
appropriately fixed in a predetermined direction. 
5 As shown in Fig. 18, as the track width was increased, 

the unidirectional exchange bias magnetic field .was decreased 
However, even when the track width RTw was approximately 0.22 
[Jim, a high unidirectional exchange coupling magnetic field of 
, approximately 100 kA/m was generated. Since it has been 
10 believed, that a unidirectional exchange magnetic field of at/ 
, least approximately 80 kA/m was necessary to fix the 
magnetization of the free magnetic layer described above, it 
w-as found that there is some degree of freedom, for 
determining the iaimension of the track width RTw. 
.15 - Fig. 19 is a graph showing the relationship between the 
track width RTw and the reproduction output (AV/RTw) 
normalized by the track width RTw. The normalized output was 
calculated by dividing the change (AV) of voltage, which was 
obtained when a uniform magnetic field of ±100 Oe (±7,960 
20 A/m) .was applied to the magnetic element along the Y 
direction in the figure^ by the track width RTw. 

As shown in Fig. 19, as the track width RTw was 
increased, the normalized output tended to decrease slightly; 
however, even when the track width RTw exceeded 0.2 (xm, it 
25 was found that a normalized putput of 12 mV/im or more is 
maintained. . 

Fig. 20 (comparative example) is a schematic partial 
cross -sectional view of a magnetic sensor when it is viewed 



from the face opposing a recording medium, ttie magnetic 
sensor having the same film structure as that shown in Fig. 
17. As shown in Fig. 20, the magnetization of the free 
magnetic layer was oriented in the first direction; however, 
5 a permanent magnetic layer and other antif erromagnetic layers 
were not provided in order to control the magnetization of 
the free magnetic layer. In addition, as shown in Fig. 20, 
* the magnetizations of the first magnetic layer and the second 

magnetic layer were in parallel to the second direction an4 

10 were antipairallel to each other. 

As was the case shown in Fig. 17, by variously changing 
the film thicknesses of the first and the second magnetic 
layers represented by X and Y A, respectively, the 
relationships of the track width RTw with the unidirectional 

15 exchange bias magnetic field and the normalized output were 
obtained. As shown in Fig. 20, in the magnetic sensor, the 
antif erromagnetic la:yer 20 was not separated unlike the case . 
shown in Fig. 17 and was provided all over the first magnetic 
layer. The electrode layers were provided on the 

20 antif erromagnetic layer with a space provided therebetween in 
the first direction, the width .dimension of the space in the 
first direction was a track width RTw, and the. track width., 
RTw was a physical track width (Physical Read Track Width). 
As shown in Fig. 21, even when the track width RTw was 

25 increased, the magnitude of the unidirectional exchange bias 
magnetic field was not so much changed. As also shown in Fig 
22, the normalized output was not changed even when the track 
width RTw was increased. 
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In the magnetic sensor according to the embodiment of 
the present invention, the antif erromagnetic layers are 
formed with a predetermined space provided therebetween in 
the track width direction as shown in Fig. 17; however, when 
5 the unidirectional exchange bias magnetic field Hex* shown in 
Fig. 18 is compared with that shown in Fig. 21, the 
unidirectional exchange bias magnetic field Hex* of the 
example (shown in Fig. 18) is smaller than that of the 
comparative example, (shown in Fig. 21). The ^reason for thlis 

10 is , believed that since the first antif erromagnetic layer is 
not provided on the central portion of the first magnetic : 
layer, and in the example, when the track width RTw was 
appropriately controlled, it was found that the 
unidirectional exchange bias magnetic field Hex* can* be 

15, obtained which is appropriately able to £ix the magnetization 
of the fixed magnetic layer. 

Since it has been believed that a unidireictional 
exchange bias magnetic field Hex* of at least approximately 
80 kA/m may be large enough as described above, when the 

20. . track, width RTw was set to 0.2 jjun or less as shown in Fig. 18, 
it was found that a unidirectional exchange , bias magnetic 
field Hex* of approximately 80 kA/m or more can be obtained. 

Next, when the normalized output shown in Fig. 19 is 
compared to that shown in Fig. 20, the normalized output of 

25 the example is larger than that of the comparative example. 
The reason for this is believed that since the 
antif erromagnetic layer is not provided on the central 
portion of the element in the example, the shunt loss of a 
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sense current flowing from the electrode layers is decreased. 

That is, it was found that when the structure is formed 
as in the example in which the antif erromagnetic layer is not 
. provided on the central portion of the first magnetic layer 
5 of the element, a sufficient unidirectional exchange bias 
magnetic field for fixing the magnetizations of the first 
magnetic ' layer and the second magnetic layer can be obtained, 
and that, in addition, a large reproduction output can be 
obtained as compared to that in the past. 

10 In addition, as shown in Figs. 18 and 19, it was found 

that when the thicknesses of the first magnetic layer and the 
second magnetic layer are small and the difference 
therebetween is decreased, the unidirectional exchange bias 
. magnetic field and the normalized output can be increafsed. 

15 Next, by using the' magnetic sensor having the structure 

shown in Fig. 17 (example), the relationship between the 
applied magnetic field and the output was obtained. 

As shown in Fig. 23, without applying a vertical 
magnetic field in the example, the slope of the line in the 

20 graph was approximately constant, and the Barkhausen noise \ 
was not generated and' the hysteresis did not occur. The 
reason for this is believed that the direction of 
magnetization of the free magnetic layer is oriented in the 
track width direction by the shape anisbtropy. 

25 The results described above were obtained by an 

experiment in which the first antif erromagnetic layers were 
provided with a space therebetween in the first direction, 
and the* nonmagnetic metal layer having the same composition. 
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as that of the first antif erromagnetic layer was not provided 
in the space. 

Accordingly, the following experiment was then performed 
which primarily focused on the functions of the nonmagnetic 
5 metal layer and the first magnetic layer forming the fixed 
magnetic layer. 

First, a CoFe layer (first magnetic layer) was provided 
on a PtMn layer (nonmagnetic metal layer) , and the change in 
magnetostriction constant of CoFe. was measured by changing 
, 10 the composition of the PtMn layer. 

The following multilayer film was formed and was then 
annealed at 290° C for 4 hours, , 

The multilayer film had the structure composed of 
alumina (1/000 A) , (NiO . 8FeO . 2 ) 60Cr40 (52 A), Pt^Mnioo^x ( 30 
15 A), Co90FelO (20 A), and Ru (9 A) provided in that order on a 
silicon substrate. 

For the measurement of the magnetostriction/ an optical 
lever method was used. Vlhile . the' surf ace of the multilayer 
film described above was irradiated with laser beams, a 
20 magnetic field was applied to the multilayer film in the 
• .direction parallel to the film surface thereof. The 
» deflection of the multilayer film caused by magnetostriction 
was read as the change in reflection angel of the laser beams , 
and the magnetostriction constant of the multilayer film was ' 
25 obtained thereby. 

The results are shown in Fig. 24. As shown in Fig. 24, . 
as the Pt concentration in the PtMn layer was increased, the 
magnetostriction constant of, the multilayer film was 
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Increased. In particular, when the Pt concentration was 51 
atomic percent or more, the magnetostriction constant was 
rapidly increased, and when the Pt concentration was 55 
atomic percent or more, the rate of increase in 
5 magnetostriction constant beccune low. 

The reason for this is believed that as the Pt 
concentration in the PtMn layer is increased, the crystal 
lattice constant of the PtMn is increased, and as a result, a 
strain in the .vicinity of the interface between the PtMn 
10* ' layer and the CoFe layer is increased. 

Next, after ar CoFe layer was provided on a PtMn layer, 
and a Co layer was ^provided on a PtMn layer, the changes in 
magnetostriction constant of CoFe and Co were measured. 

The following multilayer film was formed and was then. 
15 annealed at 290" C for 4 hours. ^ 

The multilayer film had. the structure composed of 
alumina (1,000 A) , (NiO.SFeO. 2)60Cr40 (52 A) , PtsoMn^o (0 A. 
or 30 A), a first magnetic layer (X A), Ru (9 A), Cu (85 A), 
and Ta (30 A) provided, in that order on a silicon substrate 
20 (where the first magnetic layer was COgoFe^o or Co) . 

For the measurement of the magnetostriction, an optical 
lever method was used. 

The results are shown in Fig. 25. In both cases in 
which Co and CoFe were used for forming the first magnetic 
25 layer, when the PtMn layer was provided at the lower side, 
the magnetostriction constant was large as compared to that, 
in the case in which the PtMn layer was not provided. In ^ 
addition, when the first magnetic layer was made of Co, the 



magnetostriction constant was large as compared to that in 
the case in which CoFe was used. 

in addition, when the first magnetic layer was made of 
Co, and the PtMn layer (30 A) was provided under the first 
5 magnetic layer, the magnetostriction constant was increased 
as the thickness of the first magnetic layer was increased 
from 16 to 20 A; however, when the thickness of the first 
magnetic layer was more than 20 A, the magnetostriction 
constant was decreased/ ^ 
10 The results indicate that when the thickness of the 

first magnetic layer: is excessively large, the effect of 
increasing the magnetostriction constant, which is obtained 
. by the strsiin generated in the vicinity , of the interface 
between the first magnetic layer and. the PtMn layer, is 
15 decreased.. 

Next, a PtMn layer was provided on a first magnetic 



layer, and the changes in magnetostriction constant of Co 



and 



CoFe wiere measured. 

The following multilayer film was formed and was then 
20 annWaled at 290** C for 4 hours. 

The multilayer film had the structure composed of 
alumina (1,000 A), (Nid . 8FeO . 2 ) 60Cr40 (52 A), Cu (85 A), Ru 
(9 A), a first magnetic layer (X A), PtjoMngQ (0 A or 30 A), 
and Ta . (30 A) provided in that order on a silicon substrate 
25 (where the first magnetic layer was Co^qFbxq or Co)., 

. For the measurement of the magnietostriction, an optical 
lever method was used. 

The results are shown. In Fig. 26. When the PtMn layer 
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was formed on the first magnetic layer, the same tendency was 
obtained as that obtained when the PtMn layer was formed 
under the first magnetic layer. 

That is, in both cases in which Co are CoFe were used 
for forming the first magnetic . layer , when the PtMn layer was 
provided at the upper side, the magnetostriction constant was 
large as compared to that in the case in which the PtMn layer, 
was not provided. In addition, when the first magnetic layer 
was made of Co, the magnetostriction constant was large as 
cpmpared t6 that in the' case in which CoFe was used, f 
Furthermore, when the first magnetic layer was made of Co, 
and the PtMn layer (30 A) was provided on the first magnetic 
layer, the magnetostriction constant was increased as the ' 
thickness of the firist magnetic layer was increased from 16 
to 19 A; however, when the thickness of the first magnetic 
layer was more, than 19 A, the magnetostriction constant was 
decreased. 

Next , a PtMn layer was provided on a multilayer film 
having a synthetic f errimagnetic structure, and the 
magnetostriction was measured. The following multilayer film 
was formed and was then annealed at 290'C for 4 hours. 

The multilayer film had the structure composed of 
alumina (1,000 A), (NiO . 8FeO . 2 ) 60Cr40 (52 A), PtgoMngo (30 A), 
a first magnetic layer ( 16 A) , Ru (9 A) , a second magnetic 
layer (40 A), Cu (85 A); and Ta (30 A) provided in that order 
on a silicon substrate (where the first magnetic layer and 
the second magnetic layer were COgoFeiQ, ^©50^^50, or Co) . 

For the measurement of the magnetostriction, a bending 



method was used. The bending method is a method in which a 
uniaxial strain is applied to the multilayer film by bending 
thereof, and the magnetostriction constant is measured from 
the change in uniaxial anisotropy caused by a reverse 
magnetostriction effect. The results are shown in Table 1. 



Table 1 



First Magnetic .Layer 


COgoFe^o 


Co 




Second Magnetic Layer; 


COgoFe^Q 


Co 


CogQFe^Q 


Xg (ppm) 


+ 13.6 


+ 54.4 


+29.5 



From those results, it was understood that when the 
first ma.gnetic layer and the second magnetic layer are formed 
of Co, the magnetostriction constant is large as compared to 
that obtained in the case in which CoFe is used. 

From the results shown in Figs. 24 to 26 and Table 1, it 
was understood that, for example, as shown in Fig. 7, when 
the nonmagnetic metal layer 60 haying the^ ^same composition as 
that of the antif erromagnetic la.yer 20 and a small thickness 
(50 A or less) is provided between the first 

ant if erromagnetic layers 20, the" magnetostriction .constant at 
the central portion 17b of the first magnetic layer 17 can be 
increased. In addition, it was also understood that by the 
magnetoelastic effect, the magnetization of the central 
portion 17b of the first magnetic layer 17 can be more stably 
fixed. . * 

According to the magnetic sensor of the present 
invention, the intermediate region is f oicmed at the central 



portion of the element in the track width direction, and at 
this intermediate region, the antif erromagnetic layer is not 
provided. Hence, since a sense current is prevented from 
being shunted to the intermediate region located at the 
5 central portion of the element, the reproduction output can 
be improved. In addition, since heat which is generated by a 
sense current or a transient current by electrostatic 
discharge (ESD) and which is liable to concentrate at the 
central portion of the element in the track width will not : 

10 reverse the direction of the exchange coupling magnetic field 
of the antif erromagnetic layer at the central portion (the 
temperature pf each of the antif erromagnetic layers provided 
.at the two side portion's of the element is not so much 
increased) , the strength against magnetic electrostatic 

IS damage :can be improved. in addition, by decreasing the 

thickness of the central portion of the magnetic sensor, the 
trend toward narrower gap can be appropriately satisfied. 
Furthermore, since the direction of magnetization of the free 
magnetic layer is oriented in the track width direction by . 

20 the shape anisotropy thereof, for exeunple, means for 

controlling the magnetization, such as a permanent magnetic 
layer, is not necessary, and as a result, the structure and 
the manufacturing method of the element can be simplified. 
In addition, even in the case in which a thin 

25 nonmagnetic metal layer having the same composition, as that 
of the antif erromagnetic layer is formed at the intermediate 
region described above, by exploiting the magnetoelastic 
effect, the force fixing the magnetization of the, central 
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portion of the fixed magnetic layer can be further enhanced, 
and hence a magnetic sensor can be provided which has a large 
output and which can improve the stability and the symmetry 
of the output. 
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